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            Being inherently sensitive, simple, fast, and inexpensive, electrochemical 
techniques have attracted major interests in the field of biosensors. This thesis 
describes the use of electrochemical techniques for sensing of thrombin, 
oligonucleotides, and glucose.  
For sensing of thrombin, thiolated ferrocenyl oligonucleotides were 
synthesized and immobilized on gold working electrode. Thrombin was successfully 
detected with linear dynamic range between 10-50 nM. Sensitivity of the 
electrochemical detection was enhanced by coupling ferrocene activity to glucose 
oxidase catalytic cycle.  
For sensing of oligonucleotides, alumina electrodes were modified with probe 
oligonucleotide and electrochemical detection was carried out in a solution of 
ferrocenemethanol. Signal decrease due to blocking of alumina nanochannels by 
complementary oligonucleotides was recorded. 1x10-18 to 1x10-12 M of 
oligonucleotide was detected.  
For sensing of glucose, glucose oxidase was immobilized on gold electrode 
using immunoglobulin-G as the matrix. Ferrocenemethanol was used as artificial 
mediator of glucose oxidase. The efficiencies of different immobilization strategies 
for detection of millimolar amount of glucose were studied. 
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A biosensor is defined as a device which consists of a biological recognition 
element coupled to a transduction element which converts the biological recognition 
event into an output signal. The biological recognition system translates information 
from the biochemical domain, usually analyte concentration, into a chemical or 
physical output signal. The main purpose of the recognition system is to provide the 
sensor with a high degree of selectivity for the analyte while the transducer transfers 
the signal from the recognition system into a useful readable signal.  
 
Biosensors may be classified according to the biological specificity or to the 
mode of signal transduction, or a combination of the two. Accordingly, it can be 
categorized as electrochemical, optical, piezoelectric, and thermal sensors on the 
basis of transducing element, and as immunochemical, enzymatic, whole-cell and 
oligonucleotide biosensors on the basis of biorecognition principle.  
 
The field of electrochemical biosensors has grown rapidly in the past few 
years due to their high sensitivity, low cost, portability, ease of miniaturization, and 
fast response. Research in this field has focused on the development of novel sensing 
strategies to improve specificity, sensitivity, and response time. 
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 In this thesis, a few aspects of electrochemical biosensors were studied. 
Chapter one gives brief introduction to the topic of biosensors. More detailed 
introduction on each topic is given at the beginning of every chapter. 
 
In chapter two, the use of aptamer for electrochemical detection of thrombin is 
described. Aptamer was labeled with electrochemical marker and the molecule was 
characterized and its electrochemical behavior was thoroughly studied. This was 
followed by a successful demonstration of amplified electrochemical detection of 
thrombin by coupling redox activity of self-assembled monolayer of the labeled 
aptamer with a glucose oxidase catalysis system.  
 
 In the third chapter, oligonucleotide-modified alumina electrode was used for 
successful detection of oligonucleotide. The alumina electrode was fabricated, 
modified, and fully characterized. Selectivity, reproducibility, and regenerated use of 
the electrode for oligonucleotide sensor were demonstrated. 
 
 The fourth chapter investigates the feasibility of using immunoglobulin as 
immobilization matrix for glucose oxidase. The effect of binding the glucose oxidase 
to immunoglobulin on its catalytic activity and kinetics were studied. A glucose 
oxidase enzyme electrode was constructed using immunoglobulin G as 




 Chapter five describes the conclusion and future outlook to the works 





























1.1 Aptamer as Biorecognition Agent 
 
Protein detection plays a key role in vast range of fields, i.e. diagnostic 
medicine, environmental monitoring, biochemical research, defense science, as well 
as forensic sciences.  Intensive research are now carried out worldwide for the 
construction of specific, fast, simple, and sensitive detection devices for various 
applications. 
 
In 1990s it was discovered that oligonucleotides can specifically recognize 
and bind to virtually any kind of target, including ions[1] , whole cells[2], drugs[3], 
toxin[4], low molecular weight ligands[5], peptides[6], proteins[7], and vitamins[8]. Those 
used for biorecognitions are called aptamers. They are known to incorporate small 
molecules into their nucleic acid structure or integrate into structure of larger 
molecules such as proteins[9]. 
 
These properties quickly turned aptamers into a highly-investigated 
molecule for use as drugs [10],  biosensors, and flow cytometry.[11]  
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Antibody has been the most powerful tool for proteome analysis. 
However, it is subjected to many limitations. Production of antibody is dependent on 
animal host. It starts by inducing an immune response to the target analyte, which 
turns complicated when targets are toxins, low molecular weight compounds which 
trigger minimal immunogenic response, or structurally similar to endogenous protein. 
Thus, the precise antibody for target molecules cannot always be obtained. 
Furthermore, the performance is lot specific and the production as well as purification 
process is very laborious and costly. 
 
Being a nucleic acid equivalent to antibodies, aptamers posses numerous 
advantages that make them ideal sensing elements for protein sensor. They are small 
(400-100 bases), chemically simple, stable, flexible, more robust, and therefore easy 
to modify. 
 
Aptamers are selected and designed in-vitro by a method called 
‘systematic evolution of ligands by exponential enrichment (SELEX)[12]  which could 
be performed in conditions akin to that of real matrices[13 ]. This allows the design of 
aptamer that interacts with specific regions of target under different conditions with 
fine-tuned binding affinities and specificities[14], [15]. 
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 Once selected, aptamers are readily produced with extremely high 
reproducibility and purity using established chemical synthesis. Modifications of the 
aptamer could be done at precise locations not involved in binding.  
 
 Aptamers are stable in a vast variety of environments, including non-
physiological buffers and temperature conditions which would normally denature 
antibody.  It has also been shown that aptamers exhibit similar sensitivities and are 
even superior in respect to specificities compared to antibodies[16, 17].   Their binding 
affinities range from dissociation constants of 1pM to 1µM, with majority at the 1-10 
nM level [16]. Moreover, aptamer-ligand interaction could be reversibly denatured [18]. 
Therefore, coupling aptamer to an appropriate detection system offers a novel way of 
sensing biomolecules. 
 
1.2. Thrombin and Its Aptamers 
 
α -Human thrombin is a highly specific serine protease which 
selectively cleaves the Arg—Gly bonds of fibrinogen to form fibrin [19].  It is 
composed of a light chain (A chain) with molecular weight of ~6000 and a heavy 
chain (B chain) with molecular weight of ~31000. The two chains are joined by one 
disulfide bond. Thrombin is active in the pH range of 5-10 and optimum catalytic 
activity is achieved at pH 8.3. It precipitates at pH 5 or less.[20] 
 
 7
Thrombin plays a key role in blood coagulation. However, high level of 
thrombin leads to thrombosis and cardiovascular diseases [21]. Moreover, thrombin is 
considered as a useful tumor marker in diagnosis of pulmonary metastasis[22]. Hence, 
there is considerable interest in obtaining sensitive and reliable thrombin sensor. 
 
No naturally occurring nucleic acid sequence that binds thrombin is 
known. However, at least two different aptamers bound to different positions of 
thrombin have been reported i.e. a 15-mer aptamer, 5’- GGTTGGTGTGGTTGG-3’ 
with dissociation constant of 26 nM, and a 29-mer aptamer, 5’-
AGTCCGTGGTAGGGCAGGTTGGGGTGACT-3’ with dissociation constant of 0.5 










NMR[25]  , MS[26], and X-ray crystallographic analysis[27]   have been 
extensively used to study the aptamer. It was found that upon binding to thrombin, the 
aptamer folds to form a structure with two G-tetrads stacked by two TT loops and a 
single TGT loop. The conformation is widely-known as G- quadruplex structure. It 
Figure 1. G-quadruplex conformation adopted by 15-mer aptamer upon binding to 
thrombin. 
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has also been revealed that T3, T4, T12, and T13 residues of aptamer bind to 
fibrinogen recognition site of thrombin via ionic and hydrophobic interaction as 
illustrated in Figure 1.  
 
1.3. Thrombin Aptasensor 
 
1.3.1. Various Methods in Thrombin Aptasensor 
 
Several detection systems using aptamer for thrombin have been reported. 
Hianik et al.[28] developed aptamer-based detection of thrombin by quartz crystal 
microbalance in flow measuring cell, achieving detection limit of 1 nM.  Lohndorf et 
al.[29] and Cai et al. [30] separately demonstrated detection of thrombin using high-
frequency impedance sensor with detection limit  as low as 0.1 nM. So et al. [31]  
introduced the first single-walled carbon nanotube field effect transistor (SWNT-
FET) – based aptasensor with detection limit of 10 nM. In 2005, Stadtherr et al. [17] 
came up with a multiple-aptamer based protein biochip using aptamers specific for 
IgE and human thrombin using radioactive label. Dual protein detection on a single 
glass slide was successfully done at minimum concentration of 10 ng/mL.  
 
The most widely used transduction method in thrombin aptasensor is 
fluorescent. Potyrailo et al.[32]  reported the first aptasensor that direct detection of 
analyte. Thrombin binding aptamer was labeled with fluorophore at 5’ end and alkyl 
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amine at 3’ end to facilitate immobilization onto a glass surface. Fluorescent 
anisotropy was used to detect the bound aptamer-thrombin binding event.  
 
Lee and Walt [33] later developed the use of fiber-optic thrombin sensor 
using aptamer based on competitive mode of assay. Anti-thrombin DNA aptamer was 
immobilized on surface of silica microsphere distributed in microwells on the distal 
tip of an imaging fiber. The imaging fiber was coupled to an epifluorescence 
microscope system, and the distal end was incubated with a fluorescein-labeled 
thrombin solution. Thrombin was then detected via competitive assay. Aptamer beads 
were observed to selectively bind to thrombin and could be reused without sensitivity 
change. This method achieved detection limit of 1 nM and the assay was completed 
in 15 minutes. 
 
In 2004, Ho et al.[34] reported detection of  human thrombin in the 
femtomole range. Water-soluble cationic polythiophene derivative which exhibits 
chromic properties (color changes) upon conformational changes of its flexible 
conjugated backbone was used. The polymer complexes to aptamer, eliminating the 
need to label the aptamer or the thrombin. Any conformational changes of aptamer 
upon binding to thrombin were directly translated into optical signal. 
 
One of the most popular strategies in fluorescence based sensor is 
molecular beacons. Adopting this strategy, Hamaguchi et al. come up with aptamer 
beacons. These aptamers can adopt two or more conformations and are conjugated to 
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fluorescence-quenching pair.  The thrombin binding aptamer was engineered into an 
aptamer beacon by adding nucleotides to the 5’-end which are complementary to 
nucleotides at the 3’end of the aptamer. Hamaguchi et al.[35] designed three anti-
thrombin aptamer beacons based on a known anti-thrombin DNA aptamer. However, 
only one of the three was able to retain the thrombin-binding ability. The rest failed to 
interact completely. It is possible that the hairpin structure altered the correct tertiary 
folding of the aptamer such that binding affinity was lost. This suggests major 
limitation of the use of aptamer beacons.  
 
Nutiu and Yingfu [36] proposed an alternative strategy using signaling 
aptamers that function by a coupled structure-switching / fluorescence-quenching 
mechanism. Unique ability of aptamer to adopt two distinct structures, i.e. a DNA 
duplex with a complementary sequence, and a tertiary complex with the thrombin 
was exploited. Duplex was formed between a fluorophore –labeled aptamer and small 
oligonucleotides with a quenching moiety.  When thrombin was absent, duplex was 
formed, inducing fluorescence quenching. As soon as thrombin was introduced, 
fluorophore labeled aptamer bound to thrombin, generating a strong fluorescence 
signal. Using this method, thrombin was detected over the range of 10-1000 nM. 
Furthermore, this strategy is easy to generalize for any aptamer without prior 





1.3.2. Electrochemical Thrombin Aptasensor 
 
The main challenge for aptasensor remains the fast, cheap, and simple 
device which can be applied to a wide range of analyte, unlimited by size and matrix 
effects. Being inherently fast, simple, low cost, and specific, electrochemical based 
detection is an attractive alternative to fluorescence detection. In addition, 
electrochemical based detection allows miniaturization and hence, holds potential for 
developing portable and user-friendly commercial kits for personal, clinical, as 
industrial use. 
 
The first electrochemical thrombin aptasensor was reported by Ikebukuro 
et al.[37] in 2004. Two different antithrombin aptamers that recognize different parts of 
thrombin were used. The thrombin was detected using a sandwich format comprised 
of a glucose dehdyrogenase (GDH)-labeled antithrombin aptamer and another 
aptamer that was immobilized onto a gold electrode for capturing thrombin. Glucose 
was added into the system. Thrombin captured by the immobilized aptamer captured 
GDH-labeled aptamer in turn. And finally, in the presence of glucose, GDH 
generated current which was related to the amount of thrombin present in the 
solution. Using this strategy, 1 µM of thrombin was detected selectively. 
 
Ikebukuro et al.[38] later improved method by replacing GDH with 
pyrroquinoline quinine glucose dehydrogenase ((PQQ)GDH) and was able to achieve 
sensitivity of as low as 10 nM. Linear response was observed in the range of 40-100 
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nM. It was also reported that this technique showed better reproducibility compared 
to the previous one. However, detection of protein using sandwich manner requires at 
least two different aptamers which recognize different parts of target protein. This 
potentially limits the use of the method as a general sensing platform for proteins. 
 
Bang et al. [39] proposed the first thrombin detection using non-sandwich 
method in 2005. Thrombin was detected using a beacon aptamer covalently 
immobilized on gold surface. Methylene blue was intercalated into the beacon 
surface, acting as electrochemical marker. Encounter with thrombin changed the 
conformation of beacon aptamer, forcing it to release the intercalated methylene blue, 
resulting in a decrease of electrical current intensity in voltammogram. The cathodic 
peak current of methylene blue showed a linear relationship with the logarithmic 
value of thrombin concentration ranging from 0 and 50.8 nM. Estimated detection 
limit was 11 nM. This suggests that electrochemical tool can be used for quantitative 
analysis of target proteins with known aptamers. 
 
In the same year, Xiao et al.[40] published electrochemical thrombin 
detection based on thrombin aptamer covalently labeled to methylene blue and 
attached to gold electrode. In the absence of target, the aptamer was thought to remain 
relatively unfolded, allowing the MB to collide with the electrode and transfer 
electron. Upon thrombin binding, the aptamer adopted G-quartet conformation, 
significantly inhibiting the electron transfer by altering the electron-tunneling 
distance. Linear relationship between peak current and logarithm of thrombin 
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concentration was observed from 6.4 nM and 768 nM of thrombin. Sensitivity, 
however, was dependent on surface coverage. Furthermore, the sensing suffered 
limitations associated with being a ‘signal-off’ architecture, in which the presence of 
target reduces rather than increases signal. Hence, signal gain was limited as at most, 
only 100% of signal can be suppressed. This sensing platform is limited to targets for 
which DNA aptamers that undergo large-scale, binding-induced conformational 
change are available. Such aptamers, however, may be relatively common. 
 
The same group[41] later proposed a ‘signal-on’ architecture by simple 
modification to the previous work. A short oligonucleotide tagged with methylene 
blue at 5’ end and hybridizes with both the thrombin-binding region of aptamer and 
the DNA sequences linking aptamer to electrode surface was introduced. The 
formation of rigid duplex DNA prevents methylene blue from approaching the 
electrode surface. Thrombin binding induces G-quadruplex conformation, liberating 
the 5’ end, allowing the methylene blue tag to collide with electrode surface, 
producing Faradaic current. This approach has successfully improved sensitivity and 
allows detection of thrombin at concentration as low as 3 nM. It appears that this 
strategy provides a straightforward means of converting well-folded aptamer into a 
sensitive, selective, reagentless, electronic sensor. This strategy, therefore, offers a 
new direction for rapid, convenient detection of protein small molecules. 
 
Radi et al. [18] employed similar, but simpler, ‘switch-on’ strategy for 
development of  thrombin sensor. Thrombin binding aptamer modified with redox 
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active ferrocene was immobilized on electrode surface. Ferrocene as a label has been 
intensively used due to its excellent reversibility at a potential where oxygen is 
electrochemically inert and straightforward conjugation to biomolecules [42-44]. 
Conformational change induced by presence of thrombin significantly decreases 
electron-tunneling distance, bringing ferrocene label to electrode surface and thus, 
enhancing the electron transfer. Using this strategy, linear response between 
electrochemical signal and thrombin concentration in the range between 5.0 and 35.0 
nM and detection limit of 0.5 nM were achieved.  Nevertheless, sensitivity is still 
limited by surface coverage. 
 
In this project, we aim to increase the sensitivity of thrombin detection 
without having to increase surface coverage of electrochemically active aptamer. 
Ferrocene redox activity was coupled to the well-established glucose oxidase catalytic 
cycle. Ferrocene has been known to act as an efficient artificial mediator in glucose 
oxidase catalytic cycle[45] according to the following reaction scheme: 
Glucose + GOox → Gluconolactone + GOred 
GOred + 2Fcox →  GOox + 2Fcred + 2H+ 
2Fcred ↔ 2Fcox + 2e- 
 
 
Glucose oxidase oxidizes glucose to gluconolactone and gets reduced. A 
mediator serves to oxidize the reduced form of glucose oxidase, making it available in 
a proper oxidation state to oxidize the next glucose. Oxygen is known as the natural 
mediator for glucose oxidase. However, in this project, ferrocene, which can be 
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conveniently monitored by electrochemical reaction, is used as an artificial mediator 
in a deaerated solution containing glucose and glucose oxidase. The catalytic cycle of 
glucose oxidase replenishes the supply of ferrocene to the working electrode at a 
faster rate than the diffusion of ferrocene towards the working electrode driven by 
concentration gradient. Consequently, higher current from oxidation of ferrocene is 
recorded. When used as an electrochemical sensor, this design gave significantly 
higher sensitivity compared to a system without coupling to glucose oxidase catalytic 
cycle.  
 
This project consists of two parts. In the first part, ferrocenyl 
oligonucleotide was synthesized and its electrochemical behavior in a homogenous 
solution was studied. It was then followed by the use of ferrocenyl oligonucleotide 
solution for thrombin detection based on the decrease of diffusion coefficient of 
ferrocenyl oligonucleotide towards the surface upon binding to thrombin.  
 
In the second part, thiolated ferrocenyl oligonucleotide was synthesized 
and immobilized on gold working electrode. The electrochemical behavior of the 
ferrocenyl oligonucleotide film was studied and the electrode was then used for 
electrochemical thrombin aptasensor. The performances of the aptasensor with and 










 Ferrocenecarboxylic acid (>97%), triethylamine (98%), N,N’-dicyclohexyl 
carbodiimide, thrombin from human plasma (0.89 Umg-1), glucose oxidase from 
Aspergillus Niger (215.26 Umg-1), and 3-hydroxypicolinic acid (99%) were obtained 
from Fluka.  1,4-Dioxane, D-(+)- glucose (99.5%), HEPES free acid (99.5%), N-
hydroxysuccinimide (97%), 2-mercaptoethanol, and tris(2-carboxy-ethyl)phosphine 
hydrochloride were obtained from Sigma Aldrich. Sodium hydrogen carbonate 
(99.8%) was obtained from US Biological. Sodium bicarbonate was obtained from 
Kanto Chemical. Dimethylsulfoxide was obtained from MP Biomedicals. Acetic acid 
(100%) was obtained from Merck. pH 7.0 Tris buffer was obtained in ultrapure grade 
from 1st base. All chemicals were used as received. Aminohexyl oligonucleotide and 
thiolated aminohexyl oligonucleotide were obtained from Sigma Proligo in desalted 
grade. NAP-10 Sephadex G-25 column was obtained from GE Healthcare.  
NaHCO3/Na2CO3 buffer was prepared by mixing equimolar solutions of NaHCO3 
and Na2CO3. HEPES buffer was prepared by adjusting the pH of HEPES free acid 
with 0.1 M KOH. Triethylamine acetic acid (TEA) buffer was prepared by mixing 
equimolar solutions of triethylamine and acetic acid. All solutions were prepared in 





2.2.1. Electron Spray Ionization Mass Spectroscopy (ESI-MS) 
 
ESI-MS was done on Finnigan/MAT LCQ instrument in positive mode with 
dichloromethane as solvent. 
 
2.2.2. Nuclear Magnetic Resonance(NMR)  Spectroscopy 
 
NMR spectroscopy was done on Bruker ACF300 (300 MHz) with CDCl3 as 
solvent. 
 
2.2.3. High Performance Liquid Chromatography (HPLC) 
 
HPLC was done on HPLC System with LC-10 ADVP solvent delivery, SPD-
M10 AVP UV/Vis PDA detector, 20 μL Super CO-150 injector, and SCL-10 AVP 
system controller. Waters Novapak C-18 (3.9 x 150 mm) column was used. 
 
2.2.4. Matrix-Assisted Laser Desorption Ionization Mass Spectroscopy (MALDI-
MS) 
 
MALDI-MS was done on Voyager-DE STR Biospectrometry Workstation in 
negative mode with 3-hydroxypicolinic acid as matrix. 
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2.2.5. Ultraviolet/Visible Spectroscopy 
UV/Vis spectroscopy was performed in quartz cells on Nicolet Evolution 300 
UV-Visible Spectrophotometer.  
 
2.2.6. Electrochemical Measurements 
 
Electrochemical measurements were done in a three-electrode system with 
Ag/AgCl reference electrode, platinum counter electrode, and quartz crystal coated 
with gold as working electrode. Signals were recorded on CH Instrument 




3.1. Synthesis of N-Hydroxysuccinimide Ester of Ferrocenecarboxylic Acid[46]  
 
A solution of 0.6 mmol of dicyclohexylcarbodiimide in 1.25 mL dioxane was 
added to a stirred solution of ferrocenecarboxylic acid (0.5 mmol) and N-
hydroxysuccinimide (0.6 mmol) in 5 mL dioxane and allowed to react at room 
temperature overnight. The precipitate formed was filtered off and the filtrate was 
concentrated and purified on a column of silica gel with 1:1 solution of hexane: ethyl 
acetate as eluent.  Orange solid (Rf = 0.4) was isolated and characterized by 1H NMR 
(δ =  2. 88 (4H, s), 4.39(5H, s), 4.56 (2H,m), 4.95 (2H, m)) and ESI-MS (m/z = 349). 
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3.2. Synthesis of Ferrocenyl Oligonucleotide 
 
200 nmol of commercial aminohexyl-oligonucleotide was dissolved in 154 µL 
0.5 M NaHCO3/Na2CO3 buffer pH 9.0. The solution was added to a solution of N-
hydroxysuccinimide ester of ferrocenecarboxylic acid (10 µmol) in 46 µL DMSO. 
The heterogeneous solution was shaken overnight. The mixture was brought up to 1 
mL with 0.1 M, pH 7.0 TEA buffer and desalted on NAP-10 Sephadex G-25 column, 
taking eluent fraction from 1.0-1.5 mL. The isolated fraction was concentrated and 
dried on vacuum concentrator (Eppendorf) at 450C, followed by purification on 
HPLC (binary gradient 7-20% acetonitrile in pH 7.0, 0.1 M TEA buffer for 40 
minutes). The HPLC fraction was dried, characterized by TOF-MALDI-MS (1 µL of 
0.3 M solution of 3-hydroxypicolinic acid in 1:1 mixture of 1:1 CH3CN mixed with 1 
µL of 1-100 1 µM solution of oligonucleotide), and quantified by UV/Visible 
spectrometry at 260 nm ( ε = εoligomer + εferrocene, εferrocene=9500 M-1cm-1). 
 
When thiolated oligonucleotide was used, DTT was first removed from the 
stock solution by desalting on NAP-10 Sephadex G-25 column with 0.1 M, pH 7.0 
TEA buffer as eluent and the fraction from 1.0-1.5 mL was isolated and used for 
synthesis. 
 
3.3. Electrochemical Measurements 
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Cyclic voltammetry and differential pulse voltammetry were done between 
0.1 – 0.6 V with various scan rates and scan amplitudes. All voltage was measured 
against Ag/AgCl reference electrode and measurements were done in pH 8.0, 0.01 M 
HEPES buffer unless otherwise stated. To obtain calibration curve, a certain volume 
of thrombin solution in pH 8.0, 0.01 M HEPES buffer was added to the system and 
allowed to interact for 10 minutes, under argon purging when glucose/glucose 
oxidase were used. 
 
3.4. Determination of Surface Area of Gold Working Electrode 
 
Gold surface area was determined by cycling the voltage from 0.0-1.5 V vs 
Ag/AgCl at 0.05 Vs-1 in 0.5 M solution of H2SO4 solution.  
 
3.5. Immobilization of Thiolated Ferrocenyl Oligonucleotide 
 
A solution of 48 µL of 1.25 µM thiolated ferrocenyl oligonucleotide and 2 µL 
of 300µM TCEP in 0.5 M pH 7.0 Tris buffer was allowed to interact with gold 
surface overnight. The surface was then washed thoroughly with ultrapure water and 
dried with argon. 50 µL solution of 1 mM 2-mercaptoethanol was allowed to interact 
with the surface for 30 minutes followed by rinsing with copious amount of ultrapure 
water and drying with argon. 
 
4. Results and Discussion 
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4.1. Synthesis of Ferrocenyl Oligonucleotide 
 
Ferrocenyl oligonucleotide was synthesized according to Figure 2. 
Ferrocenecarboxylic acid was first activated by N,N’-dicyclohexylcarbodiimide to 
allow nucleophilic attack by N-hydroxysuccinimide, resulting in N-
hydroxysuccinimide ester which is much more reactive for reaction with 
oligonucleotides than ferrocenecarboxylic acid. Urea was formed as by-product in, 
which precipitated in dioxane and was easily removed by filtration. The yield of the 































NaHCO3 / Na2CO3 (pH 9.0), DMSO
24h, rt
60%
Figure 2. Synthesis of ferrocenyl oligonucleotide. 
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The N-hydroxysuccinimide ester of ferrocenecarboxylic acid was coupled to 
aminohexyl oligonucleotide with yield of 60%. Extending the reaction time did not 
improve the yield. The poor yield was attributed to heterogeneous solution of buffer 
and dimethylsulfoxide in which the reaction was carried out, making it kinetically 
less favorable. The solvent composition which resulted in heterogeneous mixture was 
optimized considering solubility of both reactants and the effect of reactivity 
depression of the activated ester in aqueous media[43]. Nevertheless, the activated 
ester was not completely dissolved. Attempts to dissolve the activated ester by 
increasing dimethylsulfoxide content resulted in even lower yield. Increasing the 
amount of activated ester did not significantly increase the yield. On the other hand, it 
made purification process more difficult. Hence, it is crucial to keep the amount of 
reagents at the specified ratio. 
 
Unreacted active ester was removed on NAP-10 Sephadex G-25 column while 
unreacted aminohexyl oligonucleotide was removed by RP-HPLC. Figure 3 shows 
chromatogram from a stock solution of ferrocenyl oligonucleotide (tR ~11 min), 
aminohexyl oligonucleotide (tR ~17 min), and the reaction mixture. A foreign peak 
was observed at tR ~28 minutes which was characterized as ferrocenyl 
oligonucleotide by TOF-MALDI-MS.  
 
Unreacted aminohexyl oligonucleotide was only present in small amount in 
the reaction mixture compared to the product ferrocenyl oligonucleotide. However, 
quantitative analysis of the product revealed that the yield was only 60%. So, in 
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addition to the heterogeneous reaction mixture, the poor yield might also be due to 
the poor purity of aminohexyl oligonucleotide reagents. Chromatogram of stock 
aminohexyl oligonucleotide revealed many unknown peaks around the aminohexyl 
oligonucleotide peaks which were also observed in reaction mixture. These were 
suspected as truncated oligonucleotide segments which failed to be removed by 
desalting due to similarity in molecular weight and physical properties to the desired 
aminohexyl oligonucleotide. Using HPLC grade aminohexyl oligonucleotide which is 





Figure 3. Typical high-pressure liquid chromatogram of (a) ferrocenecarboxylic 
acid solution, (b) aminohexyl oligonucleotide, and (c) reaction mixture containing
ferrocenyl oligonucleotide. 





It is also noteworthy to mention that ferrocenecarboxylic acid activated by 
carbodiimide should not be immediately used for coupling to aminohexyl 
oligonucleotides since water soluble carbodiimide derivatives are known to react with 
the imino moiety of thymine and guanine bases on oligonucleotides with excellent 
yield in basic condition [44].  
 
4.2. Determination of Surface Area of Gold Electrode 
 
The information of the surface area of gold working electrode is important in 
electrochemical studies related to diffusion and formation of self-assembled 
monolayer. The information was evaluated from electrochemical gold oxide 
formation and stripping in acidic solution (Figure 4). Assuming that the area of gold 
stripping peak at 0.9 V has a constant of 450 µC/cm2 [47], the area of gold working 
electrode was estimated to be 0.164 cm2. 
 
Figure 4. Cyclic voltammogram of gold working electrode in 0.5 M H2SO4
















4.3. Electrochemical Behavior of Ferrocenyl Oligonucleotide 
 
 Figure 5 shows a typical cyclic voltammogram from a solution of ferrocenyl 
oligonucleotide and from a solution of ferrocene. Typical ferrocene oxidation and 
reduction peak with negative shift of E1/2 by 24 mV was recorded from the ferrocenyl 
oligonucleotide solution, confirming the successful coupling of ferrocene to 
oligonucleotide. The shift of redox potential to negative potential reflects the change 
in microenvironment of ferrocene moiety, in which the oxidized ferrocenium ion is 
stabilized by the negatively charged phosphate backbone of oligonucleotide, 
rendering oxidation more thermodynamically more favorable[42].  
 
 The difference of oxidation and reduction potential was found to be 92 mV, 
indicating quasi-reversible electrochemical behavior of the ferrocenyl 
oligonucleotide. This might be caused by sluggish reduction due to stabilization of 
ferrocenium ion by the oligonucleotide.  
 
In addition, huge capacitive current was observed. This was attributed to the 
negatively-charged phosphate backbone of oligonucleotide. Thus, in most works 





4.4. Detection of Thrombin Using Homogenous Solution of Ferrocenyl 
Oligonucleotide 
 
In a voltammetric experiment, the current observed at the maximum oxidation 
potential is limited by the rate at which the reductant is brought to the surface of 
electrode by mass-transport process.   
 
In this work, the change in diffusion rate of ferrocenyl oligonucleotide, and 
thus the change in oxidative current of ferrocene, in the presence of increasing 
amount of thrombin was used to detect thrombin. As described in the previous 


























Figure 5. Cyclic voltammogram of (─) 30 µM ferrocenecarboxylic acid and (- -) 
170 µM ferrocenyl oligonucleotide in pH 8.0, 0.01 M HEPES buffer. Scan rate:
0.005 Vs-1. 
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Figure 6. Linear relationship between cyclic voltammetric current and square root 
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quadruplex structure having a molecular weight much more than the free aptamer. 
Consequently, a drop in voltammetric current is expected as increasing amount of 










Prior to the sensing work, an electrochemical study was done to confirm 
diffusion-limited behavior of voltammetric oxidation of ferrocenyl oligonucleotide 
solution. Cyclic voltammetry scan was recorded at various scan rates and the 
relationship between the peak current and scan rates was established. Linear 
relationship was observed between the peak current and square root of scan rates 
(Figure 6). This indicates that the current observed was limited by diffusion process 
of electroactive species from the bulk solution to the electrode surface. 
 
 DPV experiments were then done to investigate the effect of the 
oligonucleotide binding to thrombin on its electrochemical behavior. It was found that 
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the peak current decreased as increasing amount of thrombin was added into the 




DPV studies were also done to quantify the effect of binding of ferrocenyl 





π1/2(τ – τ0)1/2       1+σ
σ = exp (0.5 nF ∆E / RT)
Imax= nFAD01/2C0*      1-σ
Figure 7. Differential pulse voltammogram response of 170 µM solution of 
ferrocenyl oligonucleotide in the presence of (—) 10 nM, (– –) 50 nM and (···) 100 




















DPV voltammograms were obtained at various pulse amplitudes (∆E) and 
fixed pulse width (τ – τ0) and the relationship between the maximum voltammetric 
currents and (1-σ)/(1+σ) was plotted. These give a linear plot with a gradient of 
(nFAD01/2C0*)/ (π1/2(τ – τ0)1/2). When the concentration of ferrocenyl oligonucleotide 
and surface area of gold working electrode are known, diffusion coefficient (D0) of 
the ferrocenyl oligonucleotide could be calculated.        
  
Figure 8 displays the plots of maximum voltammetric currents against (1-
σ)/(1+σ) from 1 µM ferrocenyl oligonucleotide, and (—) 100 µM ferrocenyl 
oligonucleotide in the presence of 10 nM thrombin. Using the method described in 
the previous paragraph, the diffusion coefficients of ferrocenycarboxylic acid, 


















Figure 8. Plots of differential pulse voltammetric current against (1-σ)/(1+ σ) for 
calculations of diffusion coefficients of (····) 10 µM ferrocenecarboxylic acid, (– –) 
10 µM ferrocenyl oligonucleotide, and (—) 100 µM ferrocenyl oligonucleotide in 
the presence of 10 nM thrombin.
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calculated to be 4.5x10-6, 1.5 x10-7, and 1.3 x10-6 cm2s-1 respectively. These values 
are in agreement with those reported in literature: i.e. 8.50 x10-7 cm2s-1 for 
oligonucleotides[48] and  7 x 10-6 cm2s-1 for free ferrocenes [49]. 
 
The difference in diffusion coefficient between ferrocenecarboxylic acid and 
ferrocenyl oligonucleotide is proportional to the difference in its molecular weight. 
However, the diffusion coefficient of ferrocenyl oligonucleotide appeared to increase 
in the presence of thrombin. Nevertheless, diffusion coefficients of ferrocenyl 
oligonucleotide in the presence of increasing amount of thrombin appeared to 
decrease (Figure 9a). The latter is also supported by cyclic voltammetry experiments 
in which the observed peak current of ferrocenyl oligonucleotide solution decreases 
with increasing concentration of thrombin in the solution (Figure 9b).  
 
Further investigation to the decrease of diffusion coefficient and limiting 
current with the increase of thrombin revealed that nanomolar amount of thrombin 
could lead to more than 20% decrease in current as well as diffusion coefficient of 
micromolar range of ferrocenyl oligonucleotide.  
 
Hence, it was suspected that the ferrocenyl oligonucleotides bound to 
thrombin are attracted to the electrode surface due to interaction between the sulfur 
groups of thrombin with the gold electrode. Consequently, diffusion of free 





This also explains the widening of different pulse voltammogram (Figure 7) 
as more thrombin was introduced. A small fraction of ferrocenyl oligonucleotides 
which were bound to thrombin were located closer to electrode surface. Nevertheless, 
b. 
a. 
Figure 9. (a). Decrease of diffusion coefficient of ferrocenyl oligonucleotide with
increasing amount of thrombin in the solution. (b). Decrease in limited current of 
cyclic voltammogram of ferrocenyl oligonucleotide solution with increasing
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it might adopt various orientations with regard to the electrode surface. Those 
orientated close to electrode surface were easily oxidized while those orientated away 
from the electrode surface were more difficult to oxidize. However, major amount of 
ferrocenyl oligonucleotides were free in the solution with oxidation potential 
remaining the same but sluggish diffusion to the electrode surface, and hence, 
generated lower current.  
 
Most importantly, this explains the noted increase in diffusion coefficient of 
ferrocenyl oligonucleotide when thrombin was added. The presence of ferrocenyl 
oligonucleotide bound to thrombin on the electrode surface changes rendered the 
diffusion-limited current no longer valid. The linear relationship between maximum 
currents and square root of scan rates in cyclic voltammetry study was no longer 
observed. Instead, a linear relationship with a very good correlation coefficient 
(R2=0.99) was observed between the maximum currents and scan rates (Figure 10), 
indicating that the current was due to electrochemically active species immobilized 
on electrode surface. Hence, the decrease in current observed upon adding thrombin 
was not due to drop in diffusion coefficient, but more likely due to the decrease of 
surface area available for electron transfer as more thrombin was adsorpt. 
 
All the evidences suggest that detection of thrombin by homogenous solution 
of ferrocenyl oligonucleotide were not so useful due to complications caused by 
affinity of thrombin for the gold surface. Thus, in the next part we move towards 
detection of thrombin by self-assembled monolayer of ferrocenyl oligonucleotide on 
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electrode surface in which the surface was blocked by small molecules to avoid 
thrombin adsorption to the gold electrode.  
 
 
4.5. Formation of Self-Assembled Monolayer of Ferrocenyl Oligonucleotide 
  
 The poor performance of the ferrocenyl oligonucleotide in homogenous 
solution for sensing thrombin led us to move into heterogeneous system. Thiolated 
aminohexyl oligonucleotide was coupled to ferrocene and the thiolated ferrocenyl 
oligonucleotide product was immobilized on gold working electrode.  
 
 Thiols are known to have very high affinity for noble metal surfaces, 
especially gold by adsorption from water or ethanol [50]. The process is considered as 
Figure 10. Linear relationship between cyclic voltammetric currents and scan rates 




















an oxidative addition of the S-H bond followed by reductive elimination of hydrogen, 
resulting in the formation thiolate-gold bond[51] 
 
However, oligonucleotide-containing thiols are also known to be immobilized 
on gold surface via the nitrogen atoms in the DNA bases[52]. This leads to less 
densely-packed and poorly-ordered self-assembled monolayer. These undesired 
interaction have been reported to be overcome by using mixed monolayers comprised 
of thiolated oligonucleotide and mercaptoalcohol [52].  
 
Therefore, mercaptoethanol was introduced to the gold surface after 
ferrocenyl oligonucleotide immobilization. In addition to removing nonspecific 
interaction, the presence of mercaptoethanol on the gold surface which were 
unoccupied by ferrocenyl oligonucleotide was also expected to prevent direct 
adsorption of thrombin onto the surface.  
 
Nevertheless, exposure of our gold surface to mercaptoethanol in the 
concentration of higher than 1 mM and for duration of longer than 30 minutes 
resulted in loss of self-assembled monolayer of electrochemically active ferrocenyl 
oligonucleotide as indicated by absence of ferrocenyl oxidation current and 
significant decrease in capacitive current (Figure 11). This is due to efficient 
displacement of the oligonucleotide by mercaptoethanol via an exchange reaction[53]. 
Hence, 1 mM of mercaptoethanol was allowed to interact with gold surface for not 




Even though alkanethiols are reported to be immobilized within 1 hour, QCM 
study on our gold surface showed stable signal upon introduction of thiolated 
oligonucleotide only after 8 hours. This may be due to repulsive interaction between 
the negatively charged oligonucleotides, rendering side-by-side immobilization of 
oligonucleotides less favorable. 
 
This issue is also expected to decrease the packing density of the self-
assembled monolayer. Thus, buffer with high ionic strength (pH 7.0, 0.5 M Tris 
buffer) was chosen as immobilization buffer. The high ionic strength condition was 
expected to minimize the intermolecular repulsion of oligonucleotide by shielding the 
phosphate backbones while the  pH value of 7.0 was reported [54] to suppress 
nonspecific adsorption of oligonucleotide to gold surface.  
Figure 11. Cyclic voltammogram of ferrocenyl-oligonucleotide modified gold 
electrode in buffer (─) before and (– –) after introduction of 100 mM of 






















TCEP was added to the immobilization buffer to reduce the disulfide bonds 
which are spontaneously formed by thiols. It is an ideal choice in this work due to its 
high efficiency, resistance to air oxidation, and odorless property. It is however not 
particularly stable in phosphate-containing buffers. Hence, Tris buffer was used in 
this work.  
 
4. 6. Electrochemical Characterization of Ferrocenyl Oligonucleotide Self-
Assembled Monolayer 
 
 The presence of ferrocenyl oligonucleotide on gold surface was readily 
detected by presence of ferrocene oxidation and reduction peak in cyclic voltammetry 
(Figure 11). Positive shift of oxidation potential value by 13 mV against ferrocenyl 
oligonucleotide oxidation potential was observed. This was attributed to poorer 
stabilization of ferrocenium ion by the negatively-charged phosphate backbone when 
the oligonucleotide is immobilized. Similar behavior was reported by Letsinger and 
coworkers in a similar system [55].  
 
 Further examination of the cyclic voltammogram reveals very large ∆Ep of 
129 mV even at scan rate as low as 1 mVs-1. The cyclic voltammetry current might 
have been kinetically controlled by the flexibility of the oligonucleotide chain[56]. The 
ferrocene approach to the electrode surface might be governed by two factors, mainly 
diffusion displacement of the ferrocene probe driven by concentration gradient within 
the film and the ‘springlike’ elasticity of the oligonucleotide chain [57] 
 37
 
 Linear relationship was observed between scan rates and maximum cyclic 
voltammetry current from ferrocenyl oligonucleotide-modified gold electrode in 
blank HEPES buffer (Figure 12), indicating surface-confined electrochemical 
reaction.  
 
 The area under the anodic peak represents the Faradaic charge required for 
full oxidation of the grafter layer. Therefore, the amount of oligonucleotide 
immobilized could be determined from the integrated charge: Q = nFAΓ, n being the 
number of electrons transferred, F the Faraday constant, A the effective surface area 
(cm2), and Γ the surface coverage (molcm-2) [58]. The surface coverage obtained from 





























Figure 12. Linear relationship between maximum voltammetric current and scan
rate from ferrocenyl oligonucleotide-modified working electrode. 
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Figure 13. .Differential pulse voltammogram response of ferrocenyl aptamer 
monolayer on gold electrode towards (- -) 10 nm,  (─ ─) 20 nm, and (─) 30 nm of 
thrombin in the absence of glucose/glucose oxidase and  (▬) 10 nm,  ( ▬ ) 20 





















4.7. Amplified Electrochemical Detection of Thrombin by Ferrocenyl 











Introduction of thrombin into the system induces formation of Q-quadruplex 
complex which resulted in the decrease of electron tunneling distance between 
ferrocene and electrode surface[56]. Hence, faster electron transfer kinetics was 
expected and increase in current was recorded as more thrombin was introduced 
(Figure 13). 
 
 Similar trend was observed with the system with and without glucose oxidase 
amplification system (Figure 13). However, the glucose oxidase-amplified system 
 39
showed better sensitivity. The calibration plots obtained in the presence of 
glucose/glucose oxidase amplification gives a plot with slope of 6.0 x 10-9 while that 
without the amplification system gives a plot with slope of 4.0 x 10-9 (Figure 14).  
 
 
 These results are consistent with our hypothesis that the presence of 
glucose/glucose oxidase maintains the amount of ferrocene near the electrode surface 
at high concentration such that the current recorded was limited by kinetics of the 
glucose oxidase catalysis instead of diffusion of ferrocene towards the surface. 
Hence, the current observed in the presence of glucose/glucose oxidase was much 
higher than that without the glucose/glucose oxidase for each concentration of 
thrombin and the reduction peak of ferrocenium ion was significantly less than the 
oxidation peak of ferrocene (Figure 15). Consequently, the change in current in the 
Figure 14. Signal response from ferrocenyl oligonucleotide-modified gold 
electrode towards increasing concentration of thrombin (O) in the presence of 
glucose and glucose oxidase and (□) in the absence of glucose and glucose 
oxidase. 
y  = 6x10-9x  + 2x10-7



















Figure 15. Cyclic voltammogram from ferrocenyl-oligonucleotide modified gold 
electrode in HEPES beffer (····) in the presence of glucose and glucose oxidase and





























However, this method could not achieve good reproducibility. The possible 
source of the poor reproducibility was the interference of oxygen into the system due 
to the imperfect isolation provided by the manually assembled set up. This caused the 
glucose oxidase to react with oxygen instead of ferrocenium ion to a varying and 
immeasurable extend, resulting in a highly irreproducible current.  
 
5. Conclusion and Outlook 
  
 Ferrocenyl oligonucleotide was synthesized and fully characterized. The 
electrochemical behavior of ferrocenyl oligonucleotide in solution was studied.  
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Efforts were made to use ferrocenyl oligonucleotide in solution as thrombin 
sensor based on change in diffusion coefficient of the oligonucleotide upon binding to 
thrombin. Consistent decrease in current was recorded as more thrombin was 
introduced. However, a closer examination revealed that the decrease was mostly due 
to adsorption of thrombin onto the gold electrode instead of change in diffusion 
coefficient. Thus, the ferrocenyl oligonucleotide in solution was deemed unsuitable 
for use as thrombin sensor. 
 
 The ferrocenyl oligonucleotide was then immobilized on gold electrode via 
thiol linkage and the self-assembled monolayer formed was characterized. The gold 
electrode was used for detection of thrombin, giving a linear response from 10-50 nM 
with a slope of 4.0 x 10-9. Addition of glucose/glucose oxidase into the system 
increases the current recorded for each measurement and improves the sensitivity of 
the detection by 150%, giving a calibration plot with a slope of 6.0 x 10-9. However, 
reproducibility of the amplification by the glucose/glucose oxidase system was 
irreproducible due to limitations of the experimental set up.  
 
 Possible attempt to improve this method is to use glucose dehdyrogenase 
which has been reported to be insensitive towards oxygen[59]. The enzyme has also 
been reported to react with ferrocene and catalyze oxidation of glucose at a rate of up 
to 10 times faster than glucose oxidase[59]. Alternatively, an experimental set-up 
comprises of a commercial gold electrode instead of gold crystal that can be used in 
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an electrochemical cell with proper isolation from oxygen should be used to improve 
reproducibility. 
 
 Nevertheless, this work has served as strong evidence that self-assembled 
monolayer of ferrocenyl aptamer coupled to glucose/glucose oxidase catalytic cycle 
could be used for detection of thrombin with an enhanced sensitivity. Similar strategy 
























1.1. Electrochemical Oligonucleotide Sensors 
 
DNA has emerged as one of the most popular analyte in field of biosensors. 
Detection of DNA sequence and DNA damage by the sensors are expected provide 
better diagnosing, preventing and treating diseases in an efficient, rapid, and 
inexpensive manner. The sensors are also widely anticipated in the field of veterinary 
and forensic medicine, environmental testing, as well as defense science.  
 
In a typical electrochemical DNA sensor, Watson-Crick base-pair recognition 
event is converted into a readable signal.  The earliest electrochemical DNA sensing 
strategy was based on direct oxidation of DNA base adenine. A few works have been 
based on this strategy[60-62]. Despite being simple and inherently sensitive, the method 
suffers from significant background currents at the high potentials required for DNA 
bases oxidation. Moreover, the method leads to destruction of both sample and probe, 
making it impossible to use the DNA sensor repeatedly. 
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Methods to oxidize target DNA indirectly using electrochemical mediators 
have also been shown. One of the most notable works made use of polypyridyl 
complexes of Ru(II) and Os(II) to mediate electrochemical oxidation of guanine. 
Coupled to a reverse transcription – PCR assay, it was able to detect as low as 550 
attomoles of target DNA[63]. However, destruction of sample and probe remains a 
problem. 
 
In an attempt to develop non-destructive DNA sensors, several groups 
proposed strategies which use electroactive hybridization indicators[64-66]. Such 
indicators are small electroactive DNA-intercalating or groove binding substances 
which possess a much higher affinity for double-stranded instead of single-stranded 
DNA. Furthermore, it possesses a well-defined, low-potential, voltammetric response. 
Accordingly, the concentration of markers close to electrode surface reflects the 
concentration of hybrids. Takenaka et al.  [67], among others demonstrated indicator 
based-DNA sensor using ferrocenyl naphthalene diimide(FND) as intercalator to 
detect as low as 10 zmol of DNA. 
 
Electroactive reporter molecules directly coupled to oligonucleotides have 
also been widely-used. One of the most popular reporters is ferrocene, which 
undergoes a highly reversible redox reaction at a potential at which DNA as well as 
oxygen is electrochemically inert. Takenaka et.al [46] first demonstrated the use of 
ferrocenyl oligonucleotide to detect as low as 1 fmol of a cancer gene and yeast 
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choline transport gene. Many ferrocene-based DNA sensors have since been 
published[42, 44, 68, 69].  
 
1. 2. Alumina-Based Oligonucleotide Sensors 
 
Anodic porous alumina has been extensively studied over the past decades [70] 
and has recently been reported to be a typical self-ordered nanochannel material [71, 
72]. Self-organization during pore growth, leading to densely packed hexagonal 
structure, has been reported in oxalic, phosphoric, and sulfuric acid solution[73]. 
Interpore distances of the regularly ordered pore could be engineered to span from 
50-420 nm by changing the anodization voltage and etching the side walls of cells in 
a phosphoric acid solution [74-76]. Moreover, it is stable in aqueous acidic and alkaline 
solution ( at 1< pH <12) and has fairly good thermal stability [77]. This renders anodic 
porous alumina an ideal template for conformational-gated sensors, offering high 
surface area, easy and cheap manufacturability and chemical functionalization, and 
flexibility in porous dimension and density.   
 
Taking advantage of these features, Rothberg and coworkers [78] demonstrated 
the feasibility of sensing adsorption of untagged DNA in anodic porous alumina with 




Matsumoto et al.[79] fabricated flow-through type DNA array by fixing probe 
DNA to the sidewall of high-density nanoporous alumina. Target DNA were labeled 
with fluorescent dyes and the fluorescent spots emitted from each channel were 
resolved with a fluorescence microscope.  They suggested that probe DNA affixed to 
the sidewalls of porous alumina through poly-L-lysine layer could selectively 
hybridize with complementary DNA. On the other hand, probe DNA directly 
adsorbed on the sidewalls of porous alumina couldn’t discriminate complementary 
DNA from non-complementary ones. 
 
Improving the above work, Vlassiouk et al[80] came up with the first alumina-
based electrochemical detection of DNA. Probe DNA was covalently linked to 
nanoporous alumina and variation of ionic conductivity in the nanopores caused by 
target DNA hybridization was investigated. Fe(CN)6-4 and Ru(NH3)62+ redox pairs 
were used to probe the efficiency of ion blockage due to their large size and 
reversible electrochemistry. Using cyclic voltammetry, direct current conductance, 
and impedance spectroscopy, they concluded that ion blocking was optimum with 20-
nm diameter pores with covalently linked probe DNA. Experiments are still ongoing 
to optimize conditions to develop DNA sensors with good sensitivity. 
 
In this work, we describe an alternative approach for a sensitive 
electrochemical oligonucleotide sensor based on hybridization-induced ion blocking 
inside alumina nanopores. Alumina electrode was fabricated and covalently-
functionalized with probe oligonucleotide. The modified etched alumina electrode 
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was fully characterized and used for sensing of complementary oligonucleotide. As 
low as 3.0 x 10-18 M of target oligonucleotide was detected and linear dynamic range 






Ferrocenemethanol (97%), oxalic acid, chromic acid, phosphoric acid (25%), 
3-aminopropyltrimethoxysilane (APS), glutaraldehyde (25wt% solution in water), 
pimelic acid, 1,2-dichloroethane, and N-hydroxysuccinimide were obtained from 
Sigma Aldrich. 0.1 M Phosphate Buffer Saline (PBS) solution (pH 6.8) was obtained 
from 1st Base. Dimethyl sulfoxide(DMSO) was obtained from MP Biomedicals, Inc. 
Anodisc 13 alumina membranes was purchased from Whatman (13mm in diameter, 
60um thick, 100nm pore diameter). All reagents were used as received, unless 
otherwise stated. Custom oligonucleotides were synthesized by Sigma Proligo. 
Aminohexyl-linked oligonucleotide 5’-NH2-CCC TAA CCC TAA 3’ was used as 
probe and immobilized on alumina surface. Oligonucleotides with fluorescent label 6-
carboxyfluorescein (6-FAM) at 3’ and aminohexyl group at 5’ was used for 
fluorescent imaging study. The sequences of the complementary and the non-
complementary strands used in hybridization experiments were 5’- TTA GGG TAA 
GGG-3’ and 5’-NH2- GAT CTA GAT CTA-3’ respectively. Stock solutions of 
complementary and non-complementary oligonucleotides were prepared in PBS 
 48
solutions (pH 6.8) containing 1mM FcMeOH and stored at -200C. All solutions were 




2.2.1. Fourier Transform Infrared Spectroscopy 
 
Transmission infrared spectroscopy was performed using a DigiLab Excalibur 
Series, FTS 3000 for characterization of the surface modified membranes. The scans 
were taken with respect to air as blank, over 32 scans, ranging from 4000 to 1200 cm-
1, with a resolution of 4cm-1. 
 
2.2.2. Ultraviolet/Visible Spectroscopy 
 
UV/Vis spectroscopy was performed using Nicolet Evolution 300 UV-Visible 
Spectrophotometer with 1M NaCl in the reference cell and unmodified membrane in 
1M NaCl as blank in the sample cell. Scans were taken from 200nm to 300nm at 
medium resolution.  
 
2.2.3. X-ray Photoelectron Spectroscopy 
 
X-ray Photoelectron Spectroscopy (XPS) analyses were performed using 
Kratos X-ray Photoelectron Spectroscopy AXIS Instrument.  Spectra were recorded 
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using monochromatic Al Kα radiation under uniform charge neutralization with 
patented AXIS charge neutralization system. Survey spectra were recorded with 1 eV 
channel width and total acquisition time of 300 s.  High resolution regions were 
recorded at 0.05 eV step width with 5 sweeps of 60 s. Peak fitting and presentation 
output were produced by an integrated VISION control and information system. All 
spectra were presented charge balanced and energy referenced to C 1s at 284.5eV. 
 
2.2.4. Sputtering of Aluminum 
  
Sub-micrometer thick aluminum films were sputter coated over the platinum 
electrodes using 99.999% purity aluminum target, Denton discovery® 18 Sputtering 
System and sputtering power of 100W in an atmosphere of research-grade Ar at 5 × 




Anodization of aluminum coated electrodes was carried out using Apelex 
electrophoresis power supply model P304 Minipac II. 
 
2.2.6. Electrochemical Measurements 
 
Electrochemical behaviors of alumina modified electrodes were characterized 
using cyclic voltammetry and differential pulsed voltammetry using CHI900b 
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potentiostat/galvanostat instrument in the presence of the redox probe, 
ferrocenemethanol (1.0 mM in 0.1 M phosphate buffer solution, pH 6.8). Three-
electrode system was used with the modified alumina electrode as working electrode, 
platinum counter electrode, and Ag/AgCl reference electrode. All potentials were 
reported with respect to the Ag/AgCl reference electrode. 
 
2.2.7. Scanning Electron Microscopy  
 
SEM study was done using Field emission scanning microscopy (JEOL JSM-
6701F Field-Emission SEM) with an energy dispersive X-ray analyzer (EDAX). The 
specimens were sputtered over with gold for 20 seconds at 20mA to minimize 
charging effects. 
 
2.2.8. Fluorescence Microscopy Imaging 
 
Surface-modified alumina substrates with NH2-6-FAM-ssDNA were assayed 
by a fluorescence microscope (Laser Scanning Confocal Microscope (FV300, 
Olympus), combined with fluorescence correlation spectroscopy (FCS) detection 




3.1. Electrochemical Measurements 
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The following parameters were employed for CV and DPV respectively, CV: 
scan rate of 50mVs-1; DPV: pulse amplitude 0.05V, pulse width 0.05 s, pulse period 
0.2 s. All voltammograms were obtained by scanning over the potential range of -
0.2V to 0.8V. 
 
3.2. Fabrication of Electrodes 
 
Homemade electrodes were fabricated using epoxy resin, micropipette tips 
and platinum wire. The electrode tip was polished with 1.0 µm and 0.3 µm diameter 
alumina slurry before aluminum was deposited onto the surface. A thickness of about 
350nm of aluminum layer was obtained by RF-sputtering for 1.5 hours. 
 
3.3. Fabrication of Anodized Alumina Surface 
 
Anodization was done potentiostatically in 0.1M oxalic acid at an optimal 
voltage of 40V, where the deepest depth of alumina channels could be achieved[81]. A 
glass dropper sputtered with platinum for 10 minutes serves as an electrical contact 
from the aluminum surface to the power supply. 
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A two-step anodization process was carried out to achieve uniform pore 
distribution[82-84]. The specimens were first anodized for 1 minute to obtain a thin 
layer of alumina and then immersed in a mixture of 3% H3PO4 and 0.2M CrO3 
solution for 5 minutes to remove the non-uniform anodic alumina films. The second 
anodization step proceeded until the observed current decreases to zero.  
 
The alumina layer was etched in 3% H3PO4 to widen the pores of the alumina 
layer[84, 85]. The alumina layers were etched for a short time (i.e.15 minutes) and a 
long time (i.e.60 minutes) and their effect on the sensing work was investigated. 
 
3.4. Covalent Immobilization of Oligonucleotide Probes onto Alumina Layer  
 


















sputtered with Pt 






H3PO4 Widened pores of the 
upper layer of alumina
Figure 16. Fabrication of alumina electrodes.  
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3.4.1. Immobilization of Oligonucleotide Probes via Glutaraldehyde Cross-
Linking 
 
This procedure was adopted from a previously describe procedure[86] with 
some modifications according to the scheme illustrated in Figure 17a. First, the 
surface was immersed in 5% APS in acetone for an hour and dried in vacuum oven 
for 30 minutes at 45oC after thorough washing with acetone and drying with argon. It 
was then immersed in glutaraldehyde for 6 hours, followed by thorough washing with 
ultrapure water and drying with argon. 1mM of DNA probe was dropped onto the 
surface (30µL for a membrane; 7µL for an electrode) and kept at high humidity 
overnight. The membranes or electrode were subsequently rinsed with 1M NaCl to 
remove any non-specific adsorbed DNA and dried in argon. 10-5 M of propylamine 
was added to the membranes or electrodes (30µL for a membrane; 7µL for an 
electrode) and kept at high humidity for 6 hours. This was done to improve the 
hybridization efficiency since propylamine was reported to react with the excess 
glutaraldehyde[86]. After which, thorough washing of membranes and electrodes was 








3.4.2. Immobilization of Oligonucleotide Probes via Carbodiimide 
Condensation 
 
The surface was first refluxed in dichloroethanol solution of 0.03M pimelic 
acid at 70oC for 2 hours. Coupling using DCC (Figure 18b) was done by stirring 
overnight in a solution of 0.145g of NHS in 10mL of dioxane and 0.25g of DCC in 
5mL of dioxane. After thorough washing with ultra pure water and drying in argon, 
7uL of prepared oligonucleotide probe solution containing 26uL of 1mM 
oligonucleotide probe in 20uL of 0.5 MNaHCO3/Na2CO3 pH 9.0 buffer and 6uL 
-OH
pimelic acid 





























































































Figure 17. Covalent modification of alumina with oligonucleotide via (a).
glutaraldehyde cross-linking and (b). carbodiimide coupling using EDC or DCC. 
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DMSO was added to the surface and kept at high humidity overnight. Afterwards, the 
surface was washed in 1 M NaCl and dried with gentle flow of argon. 
 
In an alternative procedure, EDC was used as coupling agent following the 
reflux (Figure 17b). 0.12mg EDC, 0.362mg NHS and 62.5uL of 1mM oligonucleotide 
probe in 30uL of 1 M PBS solution pH 7.4 were added to the surface and kept at high 
humidity for 2 hours. Thorough washing in 1M NaCl and drying with argon then 
followed. 
 
3.5. Hybridization and Dehybridization 
 
Optimum hybridization condition was determined by a few factors. First, 
incubation temperature should be close to or slightly lower than the melting 
temperature, Tm of the hybrid [87].  According to Wallace Rule, i.e. Tm= 4(G+C) + 
2(A+T), the 12-mer sequence used in this study has a melting temperature of 36oC. 
Salts were also required to help overcome repulsive interaction between the 
negatively-charged oligonucleotide strands. Hence, hybridization was conducted at an 
incubation temperature of 25oC for 30 minutes, in 0.1 M PBS solution pH 6.8 
containing 1.37 M NaCl and 0.027 M KCl. Dehybridization was performed at above 
70oC for 2 hours in a stirred solution of 1 M NaCl followed by thorough washing with 
ultra pure water [88] 
 




Figure 18. SEM Micrographs and EDAX spectra (d) of alumina electrodes
anodized for: (a) 0 minutes, (b) 15 minutes, and (c) 60 minutes. 
 
4.1. Scanning Electron Microscopy Characterization of Alumina Electrodes 
 
SEM images revealed successful etching and anodization of alumina. It was 
observed that unetched alumina layer has a porous array of well-separated pores with 
mean pore diameter of 20.28±5.88 nm (Figure 18). Etching for 15 and 60 minutes 
produced alumina pores with increased pore sizes, i.e. 27.56±4.50 nm and 
132.5±44.05 nm respectively. In addition to that, EDAX study confirmed the 
presence of Aluminum and Oxygen in 2:3 ratio, consistent with chemical formula of 













As we reported previously [84], surface anodization of aluminum using 
platinized pipette as contacts gives rise to a ‘barrier-layer free alumina structure’ as 
confirmed by SEM and kinetics studies. This property makes our surface-anodized 
alumina electrodes an excellent template for conformational-gated biosensor. 
 
4.2. Characterization of Oligonucleotide-Modified Alumina Electrodes. 
 
Two routes to covalently modify alumina surface was attempted on Anodisc 
13 membrane. The first one involves glutaraldehyde cross-linking while the second 
one involves carbodiimide coupling. 
 
The first approach (Figure 17a) was adopted from the methods commonly 
used for modifying glass and silica surface. Hence, the hydroxyl groups on alumina 
surface were first silanized and then coupled to glutaraldehyde through an imine 
reaction. A second imine reaction took place between the free end of glutaraldehye 
and amino group on the aminohexyl oligonucleotide. Unreacted glutaraldehyde was 
neutralized by propylamine. 
 
The second approach was based on amide formation from the aminohexyl 
oligonucleotide. Hydroxyl groups on the alumina surface were esterified with pimelic 
acid which has two carboxyl acid groups. Amide reaction between the free acid group 
and amino groups on the oligonucleotide followed. The modified membranes were 
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then characterized using FTIR Spectroscopy, UV/Visible Spectroscopy as well as 
XPS. 
 
4.2.1. Fourier Transform Infrared Spectroscopy Analysis of Oligonucleotide-
Modified Alumina Membrane 
 
FTIR spectra revealed successful covalent modification of alumina with 
oligonucleotides using glutaraldehyde cross-linking and carbodiimide condensation 
using DCC. As shown in Figure 19, prominent peaks were observed at 2928 cm-1, 
1647 cm-1, and 1626 cm-1 which corresponds to C-H stretching of sugar groups, C=O 
stretching of DNA bases, and NH2 bending of DNA bases respectively. 
 
Quantitatively, the peaks observed from the surface modified via 
glutaraldehyde cross-linking showed ca. twice the intensity of that modified via 
carbodiimide condensation using DCC. On the other hand, the one modified via 
carbodiimide coupling using EDC showed no absorbance at relevant wavelengths.  
 
 The negative result obtained from coupling using EDC might be due to the 
low pH of the reaction buffer. Some of the amino groups may be protonated at pH 
7.4, making the nucleophilic attack of the carboxyl group by amino group less 





The different yield obtained from the different modification routes might 
indicate the need for fine-tuning of the solvent and reagents ratios. However, works 
were carried out using glutaraldehyde cross-linking as the modification method. 
 
4.2.2. Ultraviolet/Visible Spectroscopy Analysis of Oligonucleotide-Modified 
Alumina Surface 
 
UV/Visible Spectroscopy study suggested similar result as FTIR Spectroscopy 
result. Absorbance was observed at 260 nm from the surface modified with 
oligonucleotides via the glutaraldehyde cross-linking and carbodiimide coupling 
using DCC. Higher absorbance (0.6 OD) was observed from membrane modified via 
the former method compared to the latter (0.0275 OD). However, severe scattering 
Figure 19. FTIR Spectra of the surfaces modified with oligonucleotide via: (▬) 
glutaraldehyde cross-linking, (▬) carbodiimide coupling with DCC as coupling 
agent, and (▬) carbodiimide coupling with EDC as coupling agent. (─) is the 




















C=O, N-H of base
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due to the membrane was observed. Hence, UV/Visible spectroscopy does not offer 
high sensitivity in this study. 
 
4.2.3. X-ray Photoelectron Spectroscopy Analysis of Oligonucleotide-Modified 
Surface 
 
XPS study was used to confirm the immobilization of oligonucleotide on the 

































































































Figure 20. High-resolution XPS N 1s spectra from surface modified with
oligonucleotide via (a) glutaraldehyde cross-linking, (b) carbodiimide coupling 
using DCC, and (c) carbodiimide coupling using EDC. High-resolution XPS P 2p 
spectra from surface modified with oligonucleotide via (d) glutaraldehyde cross-
linking and (e) carbodiimide coupling using DCC. 
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immobilization because their presence is unaffected by surface contamination during 
sample preparation and handling[89].   
 
Two peaks were expected from N 1s spectra(Figure 21 (a)-(c)). Peak at 397 
eV arises from conjugated –N-N= and peak at 399 eV arises from non-conjugated N 
species present in DNA bases [90, 91].  Similarly, two peaks were expected from P2p 
spectra(Figure 21 (d)-(e)), i.e. from P 2p1/2 at 132 eV and P 2p3/2 133 eV [90, 92].  
 
Both N1s and P2p spectra were observed from surface modified via 
glutaraldehyde cross-linking and carbodiimide coupling using DCC. N1s spectra 
could be obtained from surface modified via carbodiimide coupling using EDC. 
However, no P2p peak could be obtained from this surface. The N1s spectra showed 
3 peaks which were not corresponding to those of DNA bases. These peaks could 
have arisen from N species in EDC as well as N-hydroxyester succinimide 
intermediate. This indicates that modification via carbodiimide coupling using EDC 
failed. 
 
Comparison of relative true peak areas after subtraction from signal of 
unmodified surface, the surface modification via glutaraldehyde cross-linking (P 
2p3/2: 1170.42 a.u) showed higher yield than that via carbodiimide coupling using 
DCC (P 2p3/2: 211.37 a.u). These results confirm FTIR and UV/Visible spectroscopy 
results that highest amount of oligonucleotide was immobilized via glutaraldehyde 
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Figure 21. High-low images of anodized alumina electrode modified with
fluorescent-tagged oligonucleotide via (a) glutaraldehyde cross-linking and (b) 
carbodiimide coupling using DCC. Green images of anodized alumina electrode 
modified with fluorescent-tagged oligonucleotide via (c) glutaraldehyde cross-
linking and (d) carbodiimide coupling using DCC. 
da b c
cross-linking. Thus, the electrodes to be used for target oligonucleotide sensing were 
modified via this route. 
 
4.3. Characterization of Oligonucleotide-Modified Electrodes 
 
5’-NH2- CCC TAA CCC TAA - FAM-3’ oligonucleotide probes were 
covalently immobilized onto anodized alumina electrodes via glutaraldehyde cross-
linking and carbodiimide coupling using DCC. 
 
Figure 21 shows fluorescence images of anodized alumina electrodes 
modified with fluorescent-tagged oligonucleotides. High-low imaging as well as 
green images were taken. In the high-low imaging, red color shows areas of saturated 
fluorescence intensity, white and black show areas of intermediate intensity, with the 
white areas having higher intensity, while blue shows area of zero fluorescence 
intensity. In the green images, green shows areas with fluorescence intensity while 





Both images shows higher intensity of fluorescent-tagged oligonucleotides on 
electrodes modified via glutaraldehyde cross-linking. This confirms that the method 
previously optimized on commercial alumina membrane works as well on homemade 
alumina electrodes with glutaraldehyde cross-linking giving higher yield than 
carbodiimide coupling using DCC. 
 
4.4. Electrochemical Measurements 
 
4.4.1. Electrochemical Behavior of Alumina Electrodes 
 
 Electrochemical behavior of alumina electrodes were followed at every stages 
of fabrication using CV (Figure 22). Bare platinum electrode in 1.0 mM solution of 
ferrocenemethanol in PBS generated a typical reversible and diffusion-limited cyclic 
voltammetry response. Similar response was observed from anodized alumina 
electrodes, indicating similar diffusion behavior between the anodized alumina 
electrodes and bare platinum electrode. This in turn suggested barrier-layer free 
structure of the surface-anodized alumina. 
  
When oligonucleotides were immobilized on the alumina electrodes, a very 
large capacitive current was observed.  This was attributed to the highly-negatively 







4.4.2. Effect of Pore Size on the Alumina-Based Oligonucleotide Sensor 
Performance 
 
As the sensor is based on the blocking of ion flow through nanochannels, it is 
of great importance to find the optimum pore size that provides highest sensitivity 
and good linear dynamic range for the analyte to be detected.  
 
Anodized alumina electrodes were etched for 15 minutes and 60 minutes, 
giving nanochannels with diameter of 27.56±4.50 nm and 132.5±44.05 nm 
respectively. Average value of three repeated DPV signal after hybridization with 
target oligonucleotides were normalized against DPV signal prior to hybridization 
Figure 22. Cyclic voltammogram of electrodes obtained at various stages of
fabrication (▬) bare platinum electrode, (···) etched alumina electrode, and (▬) 


















and used to establish calibration plots. Limit of detection is defined as 3σ, where σ is 
the standard deviation of DPV signal in the absence of target. 
 
Figure 23 (inset) shows decreasing signal from 15-minutes etched modified 
alumina electrodes towards increasing concentration of target oligonucleotide. This 
confirmed our hypothesis that the occurrence of hybridization within the alumina 
nanochannels blocks the diffusion path of redox probe through the channels, reducing 
the amount of redox probe reaching the electrode surface at a specified time, thus 
decreasing the DPV signal response.  
 
 Calibration plots were established from anodized alumina electrodes etched 
for different durations. An inverse relationship between the normalized signal and 
logarithmic concentration of target oligonucleotide was observed. Unetched electrode 
showed much smaller linear dynamic range and poorer sensitivity compared to etched 
electrodes while the electrodes etched for different durations did not show much 
difference in performance. Unetched electrodes could only detect as low as 5.6 x 10-12 
M of target oligonucleotide with linear dynamic range of only three orders of 
magnitude, i.e. from 1.0 x 10-12 to 1.0 x 10-9 M. On the other hand, electrodes etched 
for 15 minutes could detect as low as 3.1 x 10-18 M of target with linear dynamic 
range from 1x10-18 to 1 x 10-12 M while the electrodes etched for 60 minutes could 
detect as low as 3.3 x 10-18 M of target with linear dynamic range from 1x10-18 to 1 x 




The significantly poorer performance of unetched alumina electrodes 
compared to the etched counterparts could be attributed to the decrease in probability 
of hybridization taking place within the small opening of unetched alumina 
nanochannels. This could be influenced by poor accessibility of probe oligonucleotide 
within the nanochannels during hybridization. It was also possible that the diffusion 
of reagents required to modify alumina walls of the nanochannels was hindered, 
causing less density of probe oligonucleotide within the channel of unetched 
electrode compared to etched electrode. Most targets hybridized with probe 
Figure 23. Calibration plots of normalized current against concentration of 12-mer 
oligonucleotide target. Sensors modified with oligonucleotide on (∆) unetched 
alumina, (□) 15-min etched alumina and (x) 60-min etched alumina. The inset 
shows the DPV scans illustrating decreasing signal response with increasing
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oligonucleotides immobilized on alumina surface outside the nanochannels. 
Consequently, for a given amount of target, less hybridization occurred inside the 
channel, making the blocking of the pores less efficient. Furthermore, the targets 
which hybridized with probe oligonucleotides on alumina surface around the small 
channel opening easily blocked off further access into the channel, causing a much 
shorter linear dynamic range compared to etched alumina electrodes. 
 
On the other hand, etched alumina substrates provided a wider channel 
opening for the immobilization of probe oligonucleotides and its subsequent 
hybridization with target oligonucleotide. The probability that target encountered and 
hybridized with probe oligonucleotide inside the nanochannels was higher, and hence, 
small amount of target oligonucleotide introduced caused decrease in DPV signal. 
The nanochannels were also blocked less easily, allowing sensing of wider range of 
target oligonucleotides concentrations. More works are needed to confirm this 
hypotheses. 
 
The insignificant difference in performance between the electrodes etched for 
15 minutes and 60 minutes could be explained by investigation of the size of 
oligonucleotides and ferrocenemethanol. Hydrodynamic size of double-stranded 12-
mer oligonucleotide in 0.1 M, pH 7.4 PBS obtained from dynamic light scattering 
method using Malvern ZetaSizer instrument was revealed to be ca 3.52 nm while 
ferrocenemethanol is known to be 0.6 nm in size. These are significantly smaller than 
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the size of alumina nanochannels, rendering the differences in size of the 
nanochannels insignificant. 
 
Experiments showed that alumina layers which have been etched for 60 
minutes or longer had a high tendency for the alumina structure to be physically 
dislodged from the electrode surface, thus not ideal for further modification. Hence, 
we conclude that an alumina layer which has been etched for 15 minutes would 
provide the most ideal platform for an electrochemical oligonucleotide sensor. 
 
4.4.3. Control Experiments 
 
Two sets of control experiments were carried out to evaluate possible non 
specific adsorption of target oligonucleotide to electrode surface (Figure 24). A 
fluctuating 2.9% change in normalized current was observed from bare platinum 
electrode exposed to target oligonucleotide solution from 1x10-19 to 1 x 10-6 M. 
Compared to 13 % drop in current when modified alumina electrodes are exposed to 
1 x 10-19 M of target oligonucleotide, the fluctuating current obtained from the control 
experiment was hardly significant. This eliminated the possibility of decrease in 
signal due to non-specific adsorption of target oligonucleotide to gold surface. 
 
Similar behavior was observed from unmodified alumina electrode. Upon 
exposure to target oligonucleotide in concentration of 1x10-19 to 1 x 10-6 M, a 
fluctuating change of 4.2 % in current was recorded. This was still insignificant 
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Figure 24. Signal response from (●) bare Pt electrode and (∆) unmodified etched
alumina electrode towards increasing concentration of target oligonucleotides.
Signal response from modified etched alumina electrode towards buffer solutions
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compared to the 13 % drop in current when modified alumina electrodes were 
exposed to 1 x 10-19 M of target oligonucleotide. An increase in the current 
fluctuation from alumina electrode compared to bare platinum electrode was expected 
from weak hydrogen bonding interaction between hydroxyl group present on alumina 














Similar response was also obtained from oligonucleotide-modified alumina 








1E-23 1E-19 1E-15 1E-11 0.0000001










1x10-23                1x10-19               1x10-15                   1x10-11               1x10-7
Figure 25. Signal response from oligonucleotide-modified alumina electrode 
towards (◊) non complementary and (∆) complementary oligonucleotide targets. 
intervals (Figure 25). This suggested that the alumina-modified electrode did not 
degrade over time and hence, the decrease in current was only due to the binding to 
target oligonucleotide.  
 
Slight fluctuations, i.e. 1.6-8.0% in current from the control experiments could 
be attributed to the spontaneous reconfiguration and unstable conformation of the ss-
probe oligonucleotide when it is not doubly-stranded. 
 











The selectivity of the oligonucleotide sensor was examined by introducing 
aliquots containing totally mismatched oligonucleotide target. Complementary target 
caused consistently steep decrease in current while non complementary target cause 
slight and inconsistent decrease in current from 1x 10-23 M to 1 x 1019 M of target 
oligonucleotide concentration (Figure 25). This limits our sensitivity and linear 
dynamic range to above 1 x 10-19 M. The response towards mismatched target could 
be attributed to nonspecific adsorption of the target oligonucleotide to the probe 
oligonucleotide via random hydrogen bonding interaction. This could have been 
avoided by more rigorous rinsing of the electrode after hybridization.  
 
4.4.5. Regeneration and Reproducibility of the Alumina-Based Oligonucleotide 
Sensor 
 
The reproducibility of the calibration plots using two different modified 
electrodes was showed an average deviation of 44.4% (Figure 26). This could be 
attributed mainly to the anodization which produces alumina with wide distribution of 
pore size and density [84]. This in turn resulted in varying amount of probe 
oligonucleotide immobilized on the electrode surface.  
 
 In contrast, calibration plots obtained from the same alumina electrode 
regenerated three times by immersion in 1M NaCl for 2 hours above 70oC only 
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Figure 26. Signal response from (○) different oligonucleotide-modified alumina 
electrode and (X) regenerated oligonucleotide-modifed alumina electrode toward 
increasing concentration of target oligonucleotide. 
This supports our hypothesis that the deviation was due to variations in pore 
size and density of alumina produced by anodization. Furthermore, this demonstrated 
that the alumina-based oligonucleotide sensor could be regenerated with high 
reproducibility. Optimizing of hybridization conditions, such as temperature and type 












5. Conclusion and Outlook 
 
An alumina-based electrochemical oligonucleotide sensor was developed. The 
alumina electrode was fabricated via deposition of aluminum followed by anodization 
and etching. The resulting alumina surface was then modified with probe 
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oligonucleotide via glutaraldehyde-crosslinking and carbodiimide coupling using 
EDC and DCC. Characterization of the surface with XPS, FTIR, and fluorescent 
microscope revealed successful immobilization via glutaraldehyde cross-linking and 
carbodiimide coupling using DCC, with higher yield obtained from glutaraldehyde 
cross-linking. 
 
The oligonucleotide-modified alumina electrode was used for sensing target 
oligonucleotide. As low as 3 x 10-18 M complementary target oligonucleotide could be 
detected and linear decrease in current was observed in the range of 1 x 10-18 to 1 x 
10-12 M of target oligonucleotide concentration. A series of control experiments was 
done to eliminate the possibilities of the current decrease from other factors like 
nonspecific adsorption. 
 
The oligonucleotide-modified alumina electrode sensor could be regenerated, 
giving standard deviation of 9.61 %. However, reproducibility was poor, limited by 
the reproducibility of anodization technique. 
 
This method could potentially be a general platform for conformation-gated 
detection of biomolecules by varying the pore sizes of alumina which could be 






IMMUNOGLOBULIN MONOLAYER AS IMMOBILIZATION 
MATRIX FOR GLUCOSE OXIDASE 
  
 
1.  Introduction 
 
1.1. Immobilization of Biomolecules 
 
Development of new methodologies and materials for immobilization of 
biomolecules is an exciting and important research area useful in bioanalytical and 
biomedical applications, including biosensors, bioaffinity chromatography, 
bioreactors, besides being useful for fundamental biochemical and biophysical 
studies[93].   
 
The most straightforward method to link a biomolecules to a surface is by 
physical adsorption which involves direct immobilization of protein onto an 
unmodified surface via hydrophobic or electrostatic interaction. However, the 
resulting linkage is not stable due to reversibility of the adsorption [94] and unspecific 
and multi-oriented immobilization of protein leading to irreproducibility of result[95].  
 
An alternative to physical adsorption is matrix entrapment. A large number of 
matrices have been shown to be suitable for the entrapment of biomolecules[93, 96, 97].A 
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common method is by hydrogel or cross-linking polymer network such as those 
formed from glutaraldehyde and serum albumin proteins[98].  Electrochemical co-
deposition of matrix such as those formed from conducting polymers[99], metals[100] is 
also a convenient single step method that is rapid and well controlled.    
 
Here we describe the use of immunoglobulin G monolayer as a novel 
approach to immobilizing glucose oxidase in an electrochemical biosensor, which 
requires minimal preparation steps whilst retaining high enzyme activity.  
 
Glucose oxidase was entrapped by IgG monolayer on a gold surface while the 
IgG was immobilized on the surface via physical adsorption or covalent linkage via 
thiol self-assembled monolayers. The activity and kinetics of IgG-bound glucose 
oxidase was examined. A gold electrode was modified with glucose oxidase via 
physical direct adsorption of glucose oxidase, immobilization of glucose oxidase via 
physically adsorpt IgG, and immobilization of glucose oxidase via covalently-linked 
IgG. The performance of the gold electrode modified via the three routes as glucose 
sensor was evaluated. 
 
1.2. Immunoglobulin Molecule 
 
Immunoglobulin comprises two distinct polypeptides combined to give two 
identical flexible arms (also known as Fab arms) and a short constant stem region 
(known as Fc domain) with a total molecular mass of about 150 kDalton.[101]  Binding 
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of antigens occur at the flexible arms which impart its Y-shaped structure first 
elucidated in 1967.[101]  
 
 In the past decade, the self-assembly of immunoglobulin on solid substrate 
surfaces have been intensively studied. It has been shown that IgG molecules 
preferentially bind via the Fc domain onto silica[102, 103], methylated silica[104], 
polymer modified silica[105] and polystyrene surfaces[106].  This is due to the poorer 
structural stability of Fc domain with high tendency to unfold, compared to the Fab 
arms[102].  It is also known that surface bound IgG may undergo rearrangements on 
surfaces upon further deposition of IgG [107]molecules to form monolayers comprising 
the following configurations: end-on with contracted Fab fragments, end-on with 
intermediate Fab fragments, end-on with highly repelling Fab fragments or side-on or 
face-on orientation[108].   
 
 Monolayers of IgG are shown to form on HOPG surfaces[109].  Whereas, 
multilayers are observed to form on gold surfaces in IgG solutions with 
concentrations above 11.5 µg ml-1[110].  Monolayers and multi-layers of 
immunoglobulin structures have been routinely used in ELISA and electrochemical 
immunoassay techniques[111-115].   
 
However to date, there is no detailed study on using monolayer of 
immunoglobulin molecules as immobilization matrix for enzymes in electrochemical 
enzyme biosensors.    
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1.3. Glucose Oxidase Enzyme 
 
Among several enzymes employed in biosensors, glucose oxidase has been 
the most commonly studied enzyme due to its well-established homogenous kinetics.  
 
Glucose oxidase is an oxidoreductase which catalyzes the conversion of 
glucose to gluconolactone in the presence of oxygen. It is known as a flavin 
containing enzyme made up of two identical subunits of molecular weight of 80,000 
each. Each subunit carries one molecule of noncovalently bound coenzyme FAD 
which is acting as a redox carrier in catalysis[116].  
 
The oxidation of glucose by glucose oxidase occurs via a multistep reaction. 
The process involves molecular oxygen as natural mediator which functions as a two-
electron acceptor via two-distinct one-electron transfer step to regenerate the enzyme 
to its oxidized form after the catalytic oxidation of glucose. The overall process is 
summarized as follow: 
 
β-D-glucose + glucose-FAD ↔ glucose oxidase-FADH2 + δ – D- gluconolactone 
glucose oxidase-FADH2 + O2  glucose oxidase-FADH2 + H2O2  
 
The generally accepted mechanism for the catalytic oxidation of glucose 
involves formation of an enzyme-substrate complex upon reaction with glucose. The 
extremely rapid step is followed by electron transfer via a hydride transfer mechanism 
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resulting in the reduction of coenzyme FAD to FADH2 and simultaneous oxidation of 
glucose to gluconolactone. The gluconolactone could be replaced by diradical 
molecular oxygen which reoxidize the glucose oxidase via a two one-electron transfer 
steps, producing hydrogen peroxide as side product. 
 
Recent X-ray studies have shown that the substrate glucose binds to enzyme 
active site which is only accessible through a deep pocket. The pocket is funnel 
shaped with an opening of 10 x 10 Å at the enzyme surface, but it is only large 
enough to accommodate the surface molecule at the bottom[117]. Consequently, low 
molecular weight mediators like oxygen can move all the way down to the active site 
where exchange of electrons takes place.  
 
Other small molecule which is known to reoxidize glucose oxidase is 
ferrocene. With a dimension of 6 Å, it could penetrate through the small channel 
towards the active site, facing some steric hindrance which slows down the rates of 
electron transfer [118].    
 
However, ferrocenes are one-electron acceptors. Two equivalent of ferrocene 
and ferrocinium are involved in the reaction and electron transfer between enzyme-
FADH2 and ferrocene has been shown to take place in two separate one-electron 
transfer steps with formation of a semiquinoid form of FAD. The ferrocenium ion is 
then recycled to its reduced form via electrochemical reaction. The whole process is 
depicted in the following scheme:  
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β-D-glucose + glucose-FAD ↔ glucose oxidase-FADH2 + δ – D- gluconolactone 
glucose oxidase-FADH2 + Fcox  glucose oxidase-FADH2* + Fcred + H+ 
glucose oxidase-FADH2*  + Fcox  glucose-FAD + Fcred + H+ 
2Fcred  ↔     2Fcox + 2e- 
 
As the ferrocenium is regenerated electrochemically, current could be 
recorded. The diffusion limited current of the electrode indicates the rate of formation 
of ferrocene generated by the enzyme-FADH2 and ferrocenium reaction. Thus, the 




2.1. Materials   
 
O-Dianisidine dihydrochloride, horseradish peroxidase (POD, EC 1.11.1.7; 
activity defined as ~ 181 pyrogallol U mg-1), glucose oxidase (GO, EC 1.1.3.4; from 
Aspergillus Niger, 215 U mg-1, 186000 g mol-1), anti-glucose oxidase (monoclonal 
antibody produced in mice), ferrocenemethanol (FcMeOH; 97%), 2-dithiodipropionic 
acid, and 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide (EDC) were obtained 
from Fluka. D-(+) Glucose (99.5%) and N-hydrosuccinimide were obtained from 
Sigma Aldrich. All chemicals were used as received. 
 
 0.1 M KH2PO4/K2HPO4 buffer was prepared from KH2PO4 (ACS reagent, 




All solutions were prepared in buffer and were deoxygenated with argon. 
Solutions containing glucose were prepared at least 24 hr before the experiment to 




2.2.1. Ultraviolet/Visible Spectrophotometer 
 
Photometric measurements were performed in 1 cm quartz cell using a 
Shimadzu UV Spectrophotometer 2450.  
 
2.2.2. Electrochemical Measurements 
 
Electrochemical measurements were done in a three-electrode system with 
Ag/AgCl reference electrode, platinum counter electrode, and homemade gold 
electrode (0.01 mm diameter) as working electrode. Signals were recorded on CH 








0.1M KH2PO4/K2HPO4, pH 7.0 buffer solution was used as blank control . 6.6 
mg ml-1 O-dianisidine was prepared and oxygenated for at least 5 minutes. 10% w/v 
D-(+) Glucose was prepared and left to mutarotate for an hour. 0.1% w/v horseradish 
peroxidase and 1% w/v glucose oxidase were prepared in distilled water. Glucose 
oxidase solution was diluted 30 times with buffer prior to assay. 
 
For kinetic measurements, the background rate was first measured using 2.4 
ml of dye solution, 0.5 ml of glucose solution and 0.1 ml of peroxidase solution. After 
0.1 ml of GO was added and mixed, the increase in absorbance due to the oxidation 
of O-dianisidine was measured at 436 nm for more than 5 minutes using a dual beam 
spectrophotometer. The change in absorbance with time over the linear portion of the 
curve was measured. The procedure was repeated in triplicate for each weighing.    
 
3.2. Cyclic Voltammetry and Chronoamperometry Measurements 
 
A three electrode cell system was employed for electrochemical 
measurements in which a platinum wire was used as the auxiliary electrode, together 
with a silver-silver chloride reference electrode and homemade gold working 
electrode with diameter of 0.1 mm. Ferrocene methanol and glucose was prepared in 
0.1M KH2PO4/K2HPO4, pH 7.0 buffer solution. Measurements were done in 
deoxygenated and unstirred solution. 
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3.3. Immobilization of IgG and Glucose Oxidase 
 
For direct adsorption of glucose oxidase, gold electrode was immersed in 2 
mg/ml GO for 30 minutes. 
 
For immobilization of glucose oxidase through physically adsorbed IgG, gold 
electrode was immersed in 2 mg/mL IgG for 30 minutes followed by immersion in 2 
mg/mL glucose oxidase for 30 minutes. 
 
For immobilization of glucose oxidase through IgG covalently linked to gold 
surface, electrode was immersed in 5 mM solution of 3,3’-dithiodipropionic acid for 
60 minutes followed by immersing in an ethanolic solution of 75 mM EDC and 15 
mM N-hydrosuccinimide for 30 minutes. It was then immersed in 2 mg/mL solution 
of IgG for 30 minutes followed by 2 mg/mL glucose oxidase for 30 minutes. 
 
Samples were rinsed with buffer and dried with gentle flow of Argon in 
between steps. 
 
3.4. Electrochemical Measurements 
 
Cyclic voltammetry experiments were done between 0.1 – 0.5 V at various 
scan rates. All voltage was measured against Ag/AgCl reference electrode and 
measurements were done in pH 7.0, 0.1 M KH2PO4/K2HPO4 buffer unless otherwise 
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stated. To obtain calibration curve, a certain volume of glucose solution in pH 7.0, 0.1 
M KH2PO4/K2HPO4 buffer was added to the system and allowed to purge with argon 
with 15 minutes before measurements were made.  
 
Chronoamperometry was done by fixing the potential at 0.35 V vs Ag/AgCl 
and monitoring the change in recorded current as glucose was added. The solution 
was kept under gentle flow of argon at all time and all the solutions introduced into 
the system were kept under argon. 
 
 
4. Results and Discussion  
 
4.1. Determination of Activity of Free and IgG-Bound Glucose Oxidase 
 
Several methods have been developed for analysis of glucose oxidase catalytic 
activity. One of the most commonly used one is by indirect quantitation of the by 
product hydrogen peroxide. The hydrogen peroxide oxidizes o-dianisidine under the 
catalysis of horseradish peroxidase to form oxidized o-dianisidine under saturated 
oxygen condition according to standard procedure[119] as summarized in the following 
equation:  
                                          




Reduced form of O-dianisidine absorbs at 300 nm (colorless) while oxidized 
form of O-dianisidine absorbs at 436 nm. The decrease in absorbance at 300 nm or 
the increase in absorbance at 436 indicates the rate of reaction of hydrogen peroxide 
with reduced form of O-dianisidine. This in turn reflects the rate of generation of 
hydrogen peroxide by glucose oxidase catalysis. Hence, the catalytic activity of 
glucose oxidase could be monitored. The activity was calculated according to the 
following equations: 
 
Activity (U mL-1) = [A436/min (GO) – A436/min (background)] x 3.73 x dilution factor 
Activity (U mg-1) = Activity (U mL-1) / enzyme concentration (mg mL-1) 
 
in which the constant 3.73 is the reaction volume (3.1 mL) divided by the sample 
volume (0.1 mL) and the extinction coefficient of O-dianisidine (8.3 cm2 µM-1).  One 
unit of activity is defined as the amount of glucose oxidase required to oxidize 1 µmol 
of glucose per minute at pH 7.0 and 250 C. 
 
Figure 27 shows the decrease of absorbance at 300 nm and increase of 
absorbance at 436 nm as glucose oxidase was added into an oxygenated solution of 
glucose, O-dianisidine, and peroxidase. This indicated the consumption of reduced 
form of O-dianisidine by hydrogen peroxide generated by glucose oxidase catalytic 
cycle. Peroxidase and O-dianisidine were used in excess to make sure that hydrogen 
peroxide was quantitatively consumed such that the production of hydrogen peroxide 
generation by glucose oxidase catalytic cycle was the rate determining step and the 





The increase in absorbance in 20 minutes was non linear, indicating that the 
trace of glucose oxidase was non linear (Figure 28). However, the graph was fairly 
linear in the first 2 minutes. Thus the increase in absorbance at 436 nm in the first 2 
minutes was used to calculate activity. 
 
Activity of the free GO was found to be 177 U mg-1 with standard deviation of 
3% while that of IgG-bound GO was 160 U mg-1 with standard deviation of 3%. This 
10% decrease was considerably less than the decrease of 26% when glucose oxidase 
is covalently conjugated to IgG via maleimide chemistry[120] and 50% decrease of 
activity when glucose oxidase was physically-bound to a monolayer of IgG 
immobilized on Sepharose [121]. This suggested that physical binding of glucose 
oxidase to IgG in a homogenous solution might not affect the diffusion of oxygen to 
Figure 27.  Decrease of absorbance at 300 nm and increase of absobance at 436
nm from an oxygenated solution of glucose, O-dianisidine, and peroxidase as 
glucose oxidase was added. 
[Glu] 
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4. 2. Kinetics Study of Free and IgG-Bound Glucose Oxidase 
 
The previous section confirmed that the activity of IgG-bound glucose oxidase 
was not altered significantly when oxygen was used as the mediator.  In our 
evaluation of the possible use of IgG-bound enzyme as glucose sensor, 
ferrocenemethanol was used as an artificial mediator. It is thus necessary to similarly 
quantitate the catalytic rates of free and IgG bound glucose oxidase in the presence of 
the artificial redox mediator.  Among the ferrocenes, ferrocenemethanol was chosen 
Figure 28. Increase in absorbance at 436 nm from an oxygenated solution of
glucose oxidase, glucose, O-dianisidine, and peroxidase. 
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as the artificial redox mediator due to its higher solubility in water compared to 
ferrocene, although other water-soluble ferrocenes could be similarly employed[122]. 
 
Figure 29 shows the cyclic voltammetric response of bare gold working 
electrode in a solution of ferrocene and glucose. The highly reversible 
electrochemical oxidation and reduction of ferrocene was observed. The current was 
limited by the diffusion of ferrocene and ferrocinium ion between the electrode and 
the bulk solution (id).  
 
As free glucose oxidase was added into the solution followed by purging with 
argon, a very significant increase in anodic current was recorded accompanied with a 
decrease in cathodic current. This indicated the regeneration of ferrocene from its 
oxidized state by the reduced form of glucose oxidase at a much higher rate than the 
electrochemical regeneration of ferrocene such that the current was governed by 
kinetics of glucose oxidase instead of diffusion of ferrocene towards the electrode 
surface. The glucose oxidase was maintained in the reduced state by the presence of 
excess glucose.  
 
However, in the system where IgG-bound glucose oxidase was added, the 
catalytic current (ik) observed was reduced. This suggests slower electrochemical 
oxidation of ferrocene which in turn was dictated by the rate of its generation by 
reduced glucose oxidase. Since glucose was present in excess, the decreased 
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regeneration of ferrocene was suspected due to slower kinetics of glucose oxidase 
catalytic cycle instead of lack of substrates. 
 
 
The rate of reaction of reduced form of an enzyme and the oxidized ferrocene 
could be derived from an analysis of the cyclic voltammograms provided that the 
electrochemical regeneration of ferrocene is fast compared to the rate of reaction of 
ferricinium ion and glucose oxidase, and that there is sufficient excess of glucose to 
ensure that the enzyme is fully reduced.  
Figure 29. (····) Cyclic voltammogram of ferrocenemethanol (0.5 mM) at pH 7.0
and 250 C in the presence of D- glucose (50mM) at scan rate of 1 mV s-1. (▬) as 
for (····), but with addition of 27.3 µM IgG-bound glucose oxidase. (▬) as for (····), 




























Figure 30. (a). Kinetic parameter kf/a as a function of 1/υ for various glucose 
oxidase concentrations; (◊) 10.8, (∆) 28.9, (X) 31.6 µM. (b). As for (a), but with 
IgG-bound glucose oxidase with concentrations of (◊) 2.45,(○) 4.9, (∆) 7.3, (X) 
























We followed the method of determining kinetic information from cyclic 
voltammetry experiments using the working curve constructed by Nicholson and 
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Shain[123], in which the ratio of kinetic to diffusion peak currents (ik/id) was related to 
kinetic parameter (kf /a)1/2 where a = nFυ/RT  as shown in Figure 30. 
 
Under pseudo-first order conditions, the curves were linear with gradient 
equal to kfRT/nF. kf was obtained and plotted against glucose oxidase concentrations. 
The slope gives second order homogeneous rate constant ks for the reaction between 
ferrocenium and glucose oxidase, i.e. 1.6 x 107 L mol-1 s-1 for free glucose oxidase 
(pH 7.0 and 250C). This result is in good agreement with that obtained by Cass et al 
using the same method which was 1.7 x108 L mol-1s-1(pH 7.0 and 250 C)[45] and that 
using a stopped-flow method, which was 1.5 x 106 L mol-1 s-1 (pH 7.0 and 250 C)[124].  
Compared to free glucose oxidase, ks for IgG-bound glucose oxidase was found to be 
lower by one order of magnitude at 3.6 x 106 L mol-1 s-1. 
 
These results further confirm the lower catalytic activity as well as kinetics of 
IgG-bound glucose oxidase compared to that of free glucose oxidase. 10% decrease 
in activity was observed from IgG-bound glucose oxidase in the presence of natural 
mediator while 96% decrease in kinetics was observed in the presence of artificial 
mediator ferrocenemethanol. This suggests that the binding of IgG to glucose oxidase 
increase the steric hindrance of ferrocenemethanol diffusion through the funnel-
shaped channel leading to the active site. Further studies are needed to confirm this.  
 
4.3. Glucose detection 
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As the photometric and electrochemical studies have shown that IgG-bound 
glucose oxidase immobilized on a surface is indeed catalytically active, an enzyme 
electrode was constructed with IgG-bound glucose oxidase immobilized on gold 
surface.  
 
Three immobilization methods were examined. In the first method, glucose 
oxidase was directly adsorbed on gold surface. This strategy was compared to 
adsorption of IgG on gold surface followed by physical binding of glucose oxidase to 
IgG. In the last method, IgG was covalently linked to thiol-activated gold surface 



















Figure 31. Normalized steady-state current vs glucose concentration for electrodes 
with (○) glucose oxidase directly adsorbed on gold, (X) glucose oxidase bound to 
IgG monolayer adsorbed on gold, and (◊) glucose oxidase  bound to IgG 
monolayer covalently bound to gold 
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As shown in Figure 31, the highest catalytic current was observed from the 
electrode with glucose oxidase directly adsorbed on. However, electrochemical 
probing using a bare gold electrode in the same system at the same time revealed that 
a highly significant desorption of glucose oxidase into the bulk solution was observed 
and results in a calibration plot with increased slope (Figure 32a).This demonstrated 
that direct immobilization of glucose onto gold surface which lied on weak short-
range interactions such as Van der Waal forces dipole-dipole interactions, and 
hydrogen bonding was not effective.  
 
Lower catalytic current was observed from the electrode with glucose oxidase 
bound to physically adsorbed IgG. Lower catalytic current was expected due to the 
lower activity of IgG-bound glucose oxidase compared to free glucose oxidase.  
However, the lost of glucose oxidase into bulk electrolyte was still observed to a 
lesser extent (Figure 32b). This might indicate that IgG binds to gold surface better 
than glucose oxidase and it helped reduce the amount of glucose oxidase weakly-
bound to gold surface. Further study is needed to confirm this.  
 
The performance of enzyme electrode constructed from covalently 
immobilized IgG followed by binding to glucose oxidase was more stable and within 
the same sensitivity range as those of glucose oxidase bound to adsorbed IgG. The 
more stable behavior was attributed to less desorption of IgG and glucose oxidase 
into the bulk solution, affirming the irreversible nature of covalent binding. The 
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minor desorption might be due to glucose oxidase directly adsorbed to gold surface. 






















Figure 32 . The signal response from: (a) (x) electrode with directly adsorbed 
glucose oxidase and (○) a bare gold electrode in the same system. (b) (x) electrode
with glucose oxidase bound to adsorbed IgG monolayer and (○) a bare gold 


















Nevertheless, a chronometric calibration curve has been established to show 
the feasibility of using enzyme electrode with physically adsorbed IgG bound to 
glucose oxidase. The response of current to increased amount of glucose from 2 to 10 





5. Conclusion and Outlook 
 
The feasibility of using immunoglobulin G as immobilization agent for 
glucose oxidase have been shown. Photometric studies carried out to determine the 
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Figure 33. Current vs time plot for an electrode coated with glucose oxidase bound 
to electrode via a monolayer of surface adsorbed IgG, with successive additions of
2.0 mM D-glucose to 0.5 mM FcMeOH solution in 0.1 M pH 7.0 phosphate buffer
at 0.35 V. 
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when glucose oxidase was bound to IgG compared to when it was free. 
Electrochemical studies showed 96% decrease in kinetics of glucose oxidase-
catalyzed reaction of glucose in the presence of artificial ferrocenemethanol mediator 
when it was bound to IgG compared to when it was free. Both results suggested that 
activity were retained when glucose oxidase was bound to IgG. 
 
IgG was then used as immobilization matrix for glucose oxidase in the 
construction of enzyme electrode for glucose sensor. The performance of the sensor 
when glucose oxidase was directly adsorbed on gold electrode was compared to when 
the glucose oxidase was bound to IgG which were physically adsorbed to gold 
electrode or covalently linked to gold electrode via alkanethiol monolayer. It was 
demonstrated that binding to IgG has successfully decrease the amount of glucose 
oxidase desorbed to bulk solution. Covalent linkage of IgG was also shown to be 
more stable compared to physical adsorption of IgG to gold surface. 
Chronoamperometric study showed successful detection of 2-10 mM glucose using 
enzyme electrode constructed by glucose oxidase bound to covalently linked IgG. 
 
However the system suffered from poor reproducibility due to poor isolation 
from oxygen. A better instrument set up is recommended. It would also be better to 
use commercial gold disk electrode since the fabricated gold electrode produce very 
small current due to its limited surface area (0.01 mm diameter). In addition to that, in 
the fabricated gold electrode (diameter ca. 0.3 cm), the gold wire only constitutes less 
than 1% of the total surface. Hence, nonspecific adsorption of biomolecules to the 
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bulk material of the gold electrode was expected, leading to easy desorption of 
























CONCLUSION AND OUTLOOK 
 
 Three major works on electrochemical biosensors have been described in this 
thesis.  
 
In the first part, ferrocenyl oligonucleotide was synthesized and characterized. 
The electrochemical behavior of ferrocenyl oligonucleotide in solution was studied. 
The feasibility of using ferrocenyl oligonucleotide in solution as thrombin sensor 
based on change in diffusion coefficient of the oligonucleotide upon binding to 
thrombin was studied. Consistent decrease in current was recorded as more thrombin 
was introduced. However, a closer examination revealed that the decrease was mostly 
due to adsorption of thrombin onto the gold electrode instead of change in diffusion 
coefficient. Thus, the ferrocenyl oligonucleotide in solution was deemed unsuitable 
for use as thrombin sensor. 
 
 The ferrocenyl oligonucleotide was then immobilized on gold electrode via 
thiol linkage and the self-assembled monolayer formed was characterized. The gold 
electrode was used for detection of thrombin, giving a linear response from 10-50 nM 
with a slope of 3.0 x 10-9. Addition of glucose/glucose oxidase into the system 
increases the current recorded for each measurement and improves the sensitivity of 
the detection by twice, giving a calibration plot with a slope of 6.0 x 10-9. However, 
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reproducibility of the amplification by the glucose/glucose oxidase system was 
irreproducible due to limitations of the experimental set up.  
 
 Possible attempt to improve this method is to use glucose dehdyrogenase 
which has been reported to be insensitive towards oxygen[59]. The enzyme has also 
been reported to react with ferrocene and catalyze oxidation of glucose at a rate of up 
to 10 times faster than glucose oxidase[59]. Alternatively, an experimental set-up 
comprises of a commercial gold electrode instead of gold crystal that can be used in 
an electrochemical cell with proper isolation from oxygen should be used to improve 
reproducibility. 
 
 Nevertheless, this work has served as strong evidence that self-assembled 
monolayer of ferrocenyl aptamer coupled to glucose/glucose oxidase catalytic cycle 
could be used for detection of thrombin with an enhanced sensitivity. Similar strategy 
could be extended to other ferrocene-based electrochemical sensors. 
 
 In the second part, an alumina-based electrochemical oligonucleotide 
sensor was introduced. The alumina electrode was fabricated via deposition of 
aluminum followed by anodization and etching. The resulting alumina surface was 
then modified with probe oligonucleotide via glutaraldehyde-crosslinking and 
carbodiimide coupling using EDC and DCC. Characterization of the surface with 
XPS, FTIR, and fluorescent microscope revealed successful immobilization via 
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glutaraldehyde cross-linking and carbodiimide coupling using DCC, with higher yield 
obtained from glutaraldehyde cross-linking. 
 
The oligonucleotide-modified alumina electrode was used for sensing target 
oligonucleotide. As low as 3 x 10-18 M complementary target oligonucleotide could be 
detected and linear decrease in current was observed in the range of 1 x 10-18 to 1 x 
10-12 M of target oligonucleotide concentration. A series of control experiments was 
done to eliminate the possibilities of the current decrease from other factors like 
nonspecific adsorption. 
 
The oligonucleotide-modified alumina electrode sensor could be regenerated, 
giving standard deviation of 9.61 %. However, reproducibility was poor, limited by 
the reproducibility of anodization technique. 
 
This method could potentially be a general platform for conformation-gated 
detection of biomolecules by varying the pore sizes of alumina which could be 
achieved by varying etching time.  
 
In the last part, the feasibility of using immunoglobulin G as immobilization 
agent for glucose oxidase have been demonstrated. Photometric studies to determine 
the catalytic activity in the presence of natural mediator shows 10% decrease in 
current when glucose oxidase was bound to IgG compared to when it was free. 
Electrochemical studies shows 96% decrease in kinetics of glucose oxidase-catalyzed 
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reaction of glucose in the presence of artificial ferrocenemethanol mediator when it 
was bound to IgG compared to when it was free. Both results suggest that activity 
were retained when glucose oxidase was bound to IgG. 
 
IgG was then used as immobilization matrix for glucose oxidase in the 
construction of enzyme electrode for glucose sensor. The performance of the sensor 
when glucose oxidase was directly adsorbed on gold electrode was compared to when 
the glucose oxidase was bound to IgG which were physically adsorbed to gold 
electrode or covalently linked to gold electrode via alkanethiol monolayer. It was 
demonstrated that binding to IgG has successfully decrease the amount of glucose 
oxidase desorbed to bulk solution. Covalent linkage of IgG was also shown to be 
more stable compared to physical adsorption of IgG to gold surface. 
Chronoamperometric study have shown successful detection of 2-10 mM glucose 
using enzyme electrode constructed by glucose oxidase bound to covalently linked 
IgG. 
 
However the system suffers from poor reproducibility due to poor isolation 
from oxygen. A better instrument set up is recommended. It would also be better to 
use commercial gold disk electrode since the fabricated gold electrode produce very 
small current due to its limited surface area (0.01 mm diameter). In addition to that, in 
the fabricated gold electrode (diameter ca. 0.3 cm), the gold wire only constitutes less 
than 1% of the total surface. Hence, nonspecific adsorption of biomolecules to the 
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bulk material of the gold electrode was expected, leading to easy desorption of 
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